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ABSTRACT

The objective of this contract was to develop 15 to 30 mil
nickel alloy sheet having 50,000 psi tensile strength at 19000 F,
having good corrosion (oxidation) resistance, and good ductility.
This objective was essentially attained by developing a new process
of directly rolling thin cast slabs of nickel base alloy into sheet
on a specially designed rigid rolling mill.

Two pre-existing nickel base casting alloys and a series of
experimental compositions obtained by modifying the two starting
alloys were initially investigated in the cast condition in this
program. The two starting alloy compositions were Inco 713c de-
veloped by International Nickel Co. and the TaZ8 alloy developed
by Lewis Research Center of NASA. Of the new experimental compo-
sitions, TaZ8 alloy and No. 429 alloy have 19000 F tensile strengths
exceeding 50,000 psi at 1900OF in the as cast condition. Inco 713c
has a tensile strength of about 40,000 psi in the as cast condition.

Procedures were developed on the rigid mill for hot rolling
both Inco 713c and TZ8 alloy into 15 to 30 mil sheet. Heat treat-
ment procedures were developed for both alloys which enabled them
to meet contract target strength properties. The maximum room
temperature ductility obtained in rolled and heat treated Inco 713c
sheet was 20% elongation compared to a maximum of 5% elongation for
the rolled TaZ8 alloy. The good room temperature ductility of hot
rolled Inco 713c was further indicated by the fact that this hot
rolled sheet was cold rolled from 20 mil down to 3 1/2 mil foil.
The oxidation resistancS of TaZ8 alloy is adequate for limited
periods of time at 1900 F; that of No. 429 alloy is substantially
better; and that of Inco 713c is best of the three.

This technical documentary report has been reviewed and is
approved.

I. Perlmutter
Chief., Physical Metallurgy Branch
Metals and Ceramics Laboratory
Directorate of Materials and Processes
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I. INTRODUCTION

There is a critical need for oxidation resistant metal
structures having usefully high tensile strength at temperatures
approximating 2000 0F. Ebcisting nickel base superalloy sheet
materials have adequate oxidation resistance at these temperatures
but have relatively low tensile strength properties. Refractory
metals have adequate strength at these temperatures but are subject
to rapid destruction by oxidation attack. This program has been
devoted to solving this problem by developing nickel base sheet
materials having improved strength in the 1900-2000°F temperature
range.

The primary objective of this program was to develop 15 to 30
mil thick nickel base alloy sheet with short term tensile strength
of 50,000 psi at 19000 F, adequate corrosion (oxidation) resistance,
and ductility. These target properties represent a substantial
improvement over the best commercially available nickel alloy sheet,
Rend 41. Rend 41 sheet has a tensile strength of 50,000 psi at
1700°F and only about 20,000 psi at 1900 0 F.

The secondary objective of this program was to demonstrate the
feasibility of producing improved nickel alloy sheet in sizes up to
10" x 48". Another purpose of this program was to determine the
feasibility of directly rolling sheet from relatively thin cask
slabs of high strength superalloys.

The original objectives of this program have been essentially
met by two different alloy sheet materials. These two materials
are: (1) Inco 713c and (2) NASA TaZ8 alloy sheet. In rolled and
heat treated sheet form the Inco 713c sheet has better ductility
and better oxidation resistance at 1900OF than the NASA TaZ8 alloy
sheet. Both materials have about the same 1900OF tensile strength.
Therefore, on balance, the Inco 713c rolled and heat treated sheet
must be considered the more desirable engineering material insofar
as short time tensile properties are concerned.

Manuscript released by authors November 1962 for publication as an
ASD Technical Documentary Report
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II. DESCRIPON OF M PROGRAM

The program objective was pursued in three ways as follows:

(a) Improvement by changes in chemical composition.

(b) Improvement through mechanical working by rolling
of the sheet.

(c) Improvement by heat treatment of the rolled sheet.

The alloys used in this program were formulated by melting
in a plasma-resistance furnace. The molten alloy was then cast
into hot ceramic molds to directly form cast sheet blanks about
1/8 inch thick. All alloys cast were evaluated in the as cast
condition. Alloys having useful properties in the as cast con-
dition were rolled into sheet. This rolled sheet was then
evaluated in both the as-rolled and heat-treated conditions.

2



III. EIOERfEIAL PROCEDURES AND TESTS

A. Processing Techniques

1. Melting and Casting Techniques

All metal evaluated in this program was melted and cast
in the plasma-resistance furnace developed previously at
Vought. All castings used in this program were cast in
hot ceramic molds. This molding and casting technique
permits the casting of relatively large, thin sheets of
nickel base superalloys, as well as a wide range of other
alloys. Most of the cast sheets used for the program were
about 0.1 inch thick and approximately 5" x 8" in size.
Larger sized cast sheets approximately 8" x 16" were also
made. This larger sheet represents the largest mold which
can be made on the existing molding press at Vought, but
is not believed to represent any maximum size limitation
of the process as a whole. It was subsequently shown that
sheets approximately 10" x 16" x .025" can be rolled from
the 5" x 8" cast sheet. Efforts have been made to roll
thicker cast slabs and slices from ingots in this program.
These efforts have been unsuccessful, demonstrating the
practical need for casting the starting sheet in thick-
nesses approximately 0.1 inch. A more detailed descrip-
tion of the melting and casting techniques used is given
in Appendix A, Melting and Casting Procedures and Equipment.

2. Rolling Procedures

a. Sub-Contract Rolling - Metals and Controls

Virtually all the rolling work done at Metals and
Controls Division, Texas Instruments, Inc., Attleboro,
Massachusetts, was done on two rolling mills: (1) a
two high mill with 7 inch diameter rolls; and (2) a
two high mill with 20 inch diameter rolls. Most of
the rolling done was performed at room temperature
with periodic intermediate annealing heat treatments
at temperatures of from 2000OF to 2150 0 F.

One test was made rolling the as cast NASA alloy at
1500°F and another test was made rolling the NASA
alloy at 1500°F after the sheet had been previously
cold rolled and annealed at 21500F. All cold rolling
was performed with reductions in thickness per pass of
only one to two thousandths of an inch. All hot roll-
ing was done with reductions per pass of under 0.005
inch, although this was much harder to control. Hard-
ness readings were usually taken on the sheet after

3



each pass through the mill and the sheet was measured
for thickness with a micrometer after each pass. The
design and construction of the rolling mills is such
that it was not possible to determine the actual ap-
plied rolling loads. Most of the specimens rolled
were about 2 inches wide by 4 inches long. In addi-
tion to rolling at room temperature and at 15000F,
the NASA alloy was rolled at liquid nitrogen tempera-
ture (-320 0 F). Rolling tests were performed on the
Ta-C modified Inco 713c (Melt No. 388), the Inco 713c
and the NASA alloy compositions to determine the work
hardening characteristics of the alloys during cold
rolling. The rolled alloys were also subjected to a
variety of heat treatments to determine their annealing
characteristics and metallogralihic specimens were taken
as appeared advisable.

b. In House Rolling - Chance Vought

Difficulties encountered in rolling these alloys at
Metals and Controls resulted in Vought designing and
constructing a unique rigid rolling mill in support of
this program. Future reference to the "rigid" rolling
mill will connotate the Vought constructed mill. A
detailed description of this rolling mill and the
major factors affecting its design are given in Appen-
dix B, The Rigid Rolling Mill. The following procedure
was used in rolling sheet on the rigid mill in this
program.

1. With the rolling mill in the two high configura-
tion, set the gap between the two rolls so that
the cast sheet to be rolled would just fit.

2. Preheat the cast sheet to from 1750°F to 2150°F
and immediately put the hot sheet through the
rolling mill.

3. Replace the rolled sheet in the preheat furnace
and adjust the roll gap downward by a predeter-
mined amount of from 3 to 6 mils. Remove the
sheet from the furnace, pass it through the rolls,
and replace the sheet in the furnace to reheat.
Note the separating force experienced by the mill
by reading the strain gauge recorder.

4. Repeat this cycle until the sheet is reduced to
from 40 to 60 mils.
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5. Convert the rolling mill to the 4 high configura-
tion.

6. Resume hot rolling, still using 3 mils reduction
per pass as per the procedure in 3 above. Con-
tinue this until a sheet thickness of about 15
mils is reached.

3. Heat Treatment Procedures

The first heat treatment attempted on cast NASA TaZ8 alloy
was done in air at 22000 F. This resulted in very serious
oxidation and scaling of the specimens. All subsequent
heat treatment was done under an inert atmosphere or by
encapsulating the specimens in stainless steel or Inconel.
The encapsulation procedure worked very well provided there
were no leaks in the stainless steel or Inconel box and
provided the stainless steel box did not scale through.
Both leaks in the welds and scaling through of boxes and
of welds have given trouble at times with the encapsulation
process. Also, it is difficult to control cooling rates in
the specimen while it is encapsulated. Therefore, the nor-
mal heat treatment procedure is to heat the specimen in an
Inconel retort under a low flow rate of argon and with a
slight positive pressure of argon maintained at all times
in the retort. This procedure has worked very well for all
alloys and for all heat treatments used in this program.

B. Evaluation Techniques

1. Room Temperature Tests

The test specimen used for room temperature tests is shown
in Fig. 1. Specimens were loaded in a universal test
machine with a loading accuracy of 1% of the applied load.

Strain was measured over a one inch gage length with a
Baldwin microformer type ex-ensometer complying with AS.14
method E 83-57T strain accuracy classification B-2. The
load and the strain were plotted autographically on a
Baldwin Load-Strain recorder. The specimens were strained
at a rate of 0.005 ± .002 inches per inch per minute through
yield. After yield a strain rate of .05 inches per minute
head travel was used. Total elongation by caliper was de-
termined over a one inch gage length.

2. Elevated Temperature Tests

The test specimen configuration is shown in Fig. 2.
Specimens were loaded in a universal test machine with a
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loading accuracy of 1% of the applied load. Specimen
heating was accomplished with either quartz lamps or
resistance heating.

The power source for both methods of heating was an ig-
nitron power controller. For resistance heating the out-
put of the power controller was supplied to a Kirkhof
welding transformer which in turn supplied power directly
to the test specimen.

The method of attaching the power leads to the test
specimen for resistance heating is shown in Fig. 3. For
quartz lamp heating, controlled voltage was supplied to
two lamp reflector assemblies, each containing five lamps,
placed equal distances from each surface of the specimen,
Fig. 4.

Specimen temperatures were sensed with 36 gauge chromel-
alumel thermocouples spot welded to the test specimen and
recorded on a Brown strip chart multipoint recorder.

Specimens were loaded at a rate of 16,000 psi per minute.
Total elongation was determined by caliper over a one inch
gage length.

A more detailed description and discussion of the elevated
temperature testing procedure is given in Appendix C,
Elevated Temperature Tensile Procedure.

3. Oxidation Testing

a. Determination of Weight Change after Exposure to
Still Air at High Temperature

The specimen of sheet to be oxidation tested is belt
sanded down to clean metal on all sides. The specimen
is accurately measured to determine total surface area
and weighed. The specimen is placed in a sillimanite
crucible of known weight and the crucible with the
specimen in it is placed in a globar furnace with a
still air atmosphere for a predetermined length of time.
After exposure to the air in the furnace, the crucible
with the specimen in it is removed from the furnace and
allowed to cool in air with a lid over the crucible.
It is necessary to have a lid over the specimen while it
is cooling since the oxide scale formed on some alloys
spalls off vigorously upon cooling and is lost. After
the specimen has cooled, the net weight of the specimen
plus the oxide scale is determined and the weight gain
in terms of milligrams per square centimeter of area is
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Figure 4i. Relationship of Specimen to Quasrtz Lamps Used for
Radiant Heat Tensile Tests.
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calculated. The oxide scale on the specimen is re-
moved by hard rubbing with a towel. The specimen is
reweighed and the weight loss in terms of milligrams
per square centimeter is determined.

These tests give an indication of the relative oxida-
tion resistance of the metals and alloys tested. They
do not take into account important factors such as:

1. Depletion of surface layers of the alloy with
consequent weakening of the structure.

2. Intergranular attack.
3. Diffusion of oxygen and nitrogen into the alloy

with consequent damage to properties and effect
on weight gain measurement.

4. Volatility of some of the oxides which might be
formed on these alloys, affecting the weight gain
measurements.

5. Effects of air velocity during oxidation.
6. Effects of pressures other than atmospheric.
7. Effects of temperature cycling.

The results of the oxidation tests performed in this
program should therefore be taken as an indication of
relative values for certain particular conditions.
More detailed testing should be related to a particular
end use environment.

be Identification of Oxidation Products by X-ray
Diffraction

A General Electric XRD-5 X-ray diffractometer. equipped
with a cobalt tube was used to determine the identity of
the oxides formed on these alloys. The SPG-2 detector
tube was used with the scaler-recorder, and pulse height
discrimination was not used. A Fe203 filter, double
layer, was used to eliminate the K-beta radiation.

The oxides were ground up to less than 325 mesh using
an agate pestle and mortar. This powder was then
pressed into the powder specimen holder and mounted
for diffraction patterns. The diffraction pattern
covered the region of 60 to 1470 theta. The interpre-
tations of the patterns were based on the AS¶T File of
X-ray Powder Data.
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4. Metallographic Examination

a. Optical Metallography

Conventional mounting and polishing techniques were used
to prepare metallographic specimens for examination in
this program. The following etching solutions were used
to etch the specimens for examination on the optical and
electron microscopes:

(1) Conc. SCl & FeCI 3 (etchant §i)

(2) A mixture of Cone. HCI & H2SO4 (etchant ;/2)

(3) Conc. RCI & drops of H202 (30%), (etchant §3)

(4) NASA electrolytic etch (etchant #4)

4 parts H2o

4 parts Glycerine

2 parts Conc. ENO3

1 part Conc. BF

b. Electron Microscope Metallography

The electron microscope replicas used in this report
were prepared in accordance with the following tech-
nique:

Cellulose acetate was softened with acetone and
placed on the polished and etched surface to be
replicated, allowed to dry to stiffness, and then
carefully removed.

The negative plastic replica produced in this step
was placed in a vacuum eva~orator and shadowed with
chromium at an angle of 30 , the carbon was de-
posited normal to the replica surface until the de-
sired thickness was obtained.

The double replica was then removed from the evapo-
rator, cut into small squares. The small sections
of the double replica were then placed in a dish of
acetine until the plastic dissolved, leaving a
chromium shadowed carbon positive replica of the
original surface. This positive replica was studied
on a Norelco Model 1OOB electron microscope.
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IV. WERVIMrTAL DATA AND DISCUSSION

A. Alloy Improvement by Varying Chemical Composition

1. Choice of Starting Alloy Composition

The objective of this contract was to obtain nickel base
alloy sheet of improved elevated temperature tensile
properties. At the time of the initiation of this con-
tract in 1961, the nickel base alloys having the best
elevated temperature tensile strength were all casting
alloys and were not available in sheet form. Two of the
best of these casting alloys were selected as starting
compositions for this investigation. One alloy selected
was Inco 713c. This alloy is among the best of the com-
mercially available superalloys, and has been proven as
a casting alloy in many applications over a period of
several years. The other alloy selected was the NASA
TaZ8 alloy. This alloy had the highest tensile strength
at 1900°F of any superalloy on which data was available.
This alloy was a new and experimental alloy having great
promise, but was not commercially available and had no
previous history as an engineering material. The
standard compositions and previously reported room
temperature and 1900OF tensile strengths of these two
starting alloys are given in Table 1.

These two starting alloys were modified in this program
by making changes in chemical composition, by rolling,
and by heat treatment. All three of these techniques
resulted in substantial changes in the metallurgical
structure of both alloys. For complete casting data re-
fer to Appendix D.

2. Modification of Starting Alloy Compositions to Improve

As-Cast Properties

a. Modification of Inco 713c

The primary strengthening mechanism in Inco 713c is
the precipitation of gamma prime. This is a complex
intermetallic composed of nickel, aluminum, and
titanium. The precipitation of titanium and other
carbides is also believed to contribute to the good
high temperature strength of Inco 713c. Figure 5
shows the structure of Inco 713c gamma prime precipi-
tates in cast thin sheet. Figure 6 shows both the
gamma prime precipitate and the titanium carbide
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precipitate occurring in the grain boundary of Inco
713c cast into a relatively thick section. The
titanium carbide precipitate has a marked tendency
to occur along the grain boundaries in the as cast
Inco 713c, and very little carbide precipitate is
noted elsewhere in the structure.

In this program efforts were made to modify sub-
stantially the structure of the as cast alloy by
increasing the amount of gamma prime producing
elements and by increasing the amount of carbide
producing elements in the alloy. In the first case,
aluminum and titanium contents were increased either
together or separately. In the second case, carbon
content was raised and strong carbide forming elements
such as tantalum and tungsten were added simultaneously.
Table 2 summarized the various modified Inco 713c
compositions investigated. All of these alloys had
low ductility at room temperature and all were diffi-
cult to machine.

The two melts containing very high percentages of
aluminum were extremely brittle, and both proved to
be unmachinable because of this brittleness. Inco
713c modified with smaller aluminum additions plus a
small titanium addition was far less brittle than the
high aluminum alloys, but even this alloy had such poor
ductility that several tensile specimens were lost in
the machining process. It should be pointed out here
that all of the modified Inco 713c alloys were sub-
stantially more difficult to machine than Inco 713c,
either because of a tendency to break during machining
because of low ductility or because of the hardness of
the precipitated carbides in the alloys. Later in the
program, machining techniques were developed for making
tensile bars which could have saved a number of the ten-
sile bars lost during machining at this stage in the
program. The loss of a number of specimens during
machining accounts largely for the limited amount of
tensile data available for these alloys.

Three efforts were made to strengthen Inco 713c by in-
creasing the nickel aluminide precipitate. These
efforts are contained in Melt Nos. 430, 431, and 438.
Melt Nos. 430 and 431 were so brittle that no usable
tensile bars were obtained. Melt 431 was so brittle
that the casting broke up into small pieces during
vapor blasting. Melt No. 438 was much less brittle;
however, only one usable tensile bar was obtained from
Melt No. 438 and the rest broke during machining.
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Unfortunately, the sole surviving tensile bar was a
room temperature bar and was not an elevated tempera-
ture test bar. Limitation of available time prevented
the making of another melt of this composition, so
1900°F tensile strength was not determined on any of
the aluminum and titanium modified Inco 713c alloys.
Figures 7, 8 and 9 show the microstructures of these
three alloys in the as cast condition. All three
structures show a relatively coarse structure which
might be improved by heat treatment. However, the
observed properties did not appear to warrant this
additional investigation.

A total of eleven different usable melts were made of
carbide modified Inco 713c. One melt (Melt No. 395)
was attempted having a very high tantalum-carbon
content, and this melt reacted with the crucible to
such an extent that no usable casting resulted.
Another melt, No. 403 resulted in cast-sheet having
excessive gas porosity which made it unusable for
tensile bars. Of the eleven usable melts, Melt No. 434
was so brittle that all tensile test bars broke during
machining. All of the remaining melts, with the ex-
ception of No. 429, had about the same room temperature
ductility as the as cast NASA ThZ8 alloy. The 1900OF
tensile strengths of all compositions tested were equal
to or superior to that of Rene 41, but only No. 429 had
1900OF strength meeting program target requirements.
The microstructures of twelve alloys cast are given in
Figures 10 through 21. All of these microstructures
show substantial amounts of precipitated carbides and
most show microstructures substantially different from
either Inco 713c or NASA ThZ8 alloy.

There is much more variation in 1900°F tensile strength
among these alloys than can be explained by the varia-
tion in the amounts of carbide precipitate observed in
the microstructures. For example, Melt No. 429 has
about 50% greater 1900°F tensile strength than Melt
No. 435 although the total amount of carbide precipi-
tate in the two alloys appears to be about the same.
Furthermore, the only compositional difference between
the two alloys is that 429 has more tantalum and more
carbon. It is, therefore, evident that it is not only
the quantity of carbide precipitated, but also the
composition of the carbide that is important. Further-
more, it is interesting to note that alloys containing
up to 1.66% carbon still have room temperature and
1900 F ductility about the same as Inco 713c, which
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2,250X. 8,ooox.
Figure 5. Electron Micrographs of Inco 713c in the As-Cast Condition,

Melt 405. Etch No. 1.

.,*
A. I_.

Figure 6. Electron Micrograph Showeing TiC Precipitate in a Grain
Boundary of As-Cast Inco 713c. 9,OOOX. Heat No. 56.
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I..OU. 500X.

Figure 19. Microstructure of As-Cast Cr-W-C Modified Inco 713c (17.30%
Cr, 15.83% w, 1.114% c, melt 1435). Etch No. 3.

bOOX. 500X.

Figure 20.* Microstructure of As-Cast Cr-Ti-C Modified Inco 713c (114.07%
Cr, 7.19% Ti, 1.15% C, melt 1436). Etch No. 3.

lOOX. 500x.

Figure 21. Microstructure of As-Cast Cb-Ta-W-C Modified Inco 713c
(3.12% Cb, 0.83% Ta, 7.76% W, 2.66% C, Melt 1437). Etch No. 3.
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has only about 0.16% carbon. Considering the low
atomic weight of carbon and the high molecular weight
of the carbides formed, 1.66% carbon corresponds to a
high atomic percentage of carbide present. It would
therefore appear that an alloy strengthened at high
temperature by carbide precipitation is not of neces-
sity brittle.

Accurate determination of the solidus temperature of
these complex alloys is very difficult. However,
specimens cut from each of these alloys were exposed
to a variety of temperatures from 22000 F to 25000 F.
The reproducibility of results was poor and so no
accurate tabulation is possible. However, it appeared
that the alloys showing the lowest strength at 1900OF
had the lowest solidus temperature and that Melt No. 429
had a solidus temperature of about 25000F. This would
indicate that further improvement in 1900°F strength
will require the development of alloys having higher
solidus temperatures. Since equilibrium diagrams are
not available for these very complex alloys, further
development in this direction must be along rather
empirical lines.

Table 3 and Figure 22 show a comparison of the tensile
strengths of four alloys at temperatures of 1900°F and
above. The data given for the rolled Inco 713c is based
on duplicate tensile tests, while the data for the other
alloys is all based on single tensile bar results. In
spite of the extremely limited number of tests, the
available data does appear to fit a logical pattern.
Firm conclusions must await the acquisition of further
test data.

Table 1 shows that the Inco 713c and NASA TaZ8 alloy
compositions are substantially different. Figure 23
shows that as cast Inco 713c and NASA TaZ8 alloys vary
substantially in microstructure. Figures 10, 11, and
12 show that Inco 713c with tantalum and carbon addi-
tions have as cast microstructures similar to that of
the NASA TaZ8 alloy and dissimilar to that of Inco
713c. Figures 24 and 25 show comparisons between the
microstructu-es of cast and heat treated NASA TaZ8
alloy (Melt 385) and the microstructure of cast and
heat treated Ta-C modified Inco 713c alloy (Melt 388).
Figure 26 shows that relatively large variations in
the tantalum and carbon content of Ta-C modified
Inco 713c do not greatly alter the microstructure of
the alloy. Table 2 shows that the highest 1900°F
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strength in Th-C modified Inco 713c (Melt 388) is
achieved when both tantalum and carbon additions are
high. Figure 27 shows a comparison of the micro-
structure of Inco 713c (Melt 405), Th-C modified Inco
713c (Melt 395) No. 429 alloy (Melt 457) and NASA
alloy (Melt 387) in the as cast condition at 25,000
diameters magnication. Each of the four micro-
structures is appreciably different from each of the
others. The differences between the NASA, Inco 713c,
and No. 429 alloys were apparent at lower magnifica-
tions. The Ta-C modified Inco 713c (Melt 395) is seen
to be different from the NASA TaZ8 alloy at this mag-
nification, whereas optical microscope studies had
failed to reveal this difference. The difference be-
tween the two alloys appears to be more one of pre-
cipitate size than a difference in basic structure.
In each instance, the NASA TaZ8 alloy is markedly
similar in microstructure to the various Ta-C modified
Inco 713c alloys. It appears that the characteristic
structure of the NASA T4Z8 alloy is caused by the
presence of significant amounts of tantalum and carbon.
In both the as cast and heat treated conditions the
NASA TaZ8 alloy has substantially better 1900OF ten-
sile strength than the Ta-C modified Inco 713c composi-
tions. It is believed that the significant composi-
tional difference here is the presence of 4% tungsten
in the NASA TaZ8 alloy. Here, as in the No. 429 alloy,
the concurrent presence of tantalum, tungsten, and
carbon appear to be necessary to the attainment of
maximum 1900OF tensile strength. Additional tests be-
yond the scope of this program will be required to
characterize this relationship, or even to prove be-
yond doubt that it exists.

The No. 429 alloy has a high carbon content. Metal-
crucible reactions are a serious problem when this
alloy is melted in either a magnesia or a zirconia
crucible. Two efforts were therefore made to melt
this alloy in a graphite crucible. Both efforts were
unsuccessful. In spite of the high carbon content of
the No. 429 composition, the alloy dissolved still more
from a graphite crucible. This erodes the crucible,
changes the composition of the alloy, and raises the
melting point of the alloy to a point where it becomes
impossible to pour a casting. It would therefore appear
advisable to attempt melting this alloy in a water
cooled copper crucible, but this was beyond the scope
of this program.
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As-Cast moco 713C.

Tantalumn-Modified Inco 713C, As Cast.

No. 4i29

NASA Alloy
Figure 27. Comparison Of As-Cast Microstructure Of Inco 713c (Melt

40O5),' Ta-C-Modified Inco 713c (40-O56% Ta, 2.63%c, Melt 395),
No. 429 Alloy (melt 457) And NASA Alloy (Melt 387) As
Shown By Electron Micrographs At 25,OOOX.
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b. Modification of NASA Alloy

The as cast 19000 F tensile strength of the NASA Taz8
alloy met the contract target of 50,000 psi tensile
strength at 1900°F from the beginning. However, this
alloy has relatively low room temperature ductility
and relatively poor oxidation resistance. While the
modifications in Inco 713c alloy composition were
made in an effort to improve 1900OF tensile strength,
the modifications in the NASA alloy composition were
made in an effort to improve ductility and oxidation
resistance.

Table 4 summarizes the results obtained in all melts
made of the modified NASA alloy compositions. Melt
Nos. 426 and 427 were made in an effort to improve
oxidation resistance of the alloy without diminishing
hige temperature strength. Both modifications resulted
in unacceptably low 1900°F tensile strength so further
investigation of these modifications was abandoned.
Figures 28 and 29 show the as cast microstructure of
these two modified NASA alloys. In both alloys the
characteristic NASA alloy structure has been substan-
tially changed.

Melt Nos. 529 through 534 represent NASA alloy modifi-
cations designed to improve room temperature ductility.
The most significant changes in composition in this
series were the addition of small amounts of iron.
These modifications seemed to result in a small in-
crease in room temperature ductility, but at the cost
of a substantial reduction in 1900°F tensile strength.
The effects of these minor changes in composition on
microstructure appear to be quite great. Figure 30
shows the microstructures of this series of modified
NASA alloys. Some of these structures appear to more
closely approach the structure of Inco 713c than that
of normal NASA alloy. Since these melts were not
chemically analyzed, it is possible that higher than
usual melt losses of key elements, such as tantalum,
have had a controlling effect on the microstructure
and properties rather than the relatively minor additions
made deliberately. In any case, none of these melt
compositions appear promising as improvements over the
TaZ8 NASA alloy.

3. Modification of Inco 713c Alloy to Improve Rolling Properties

The NASA alloy, and the first Inco 713c alloy cast, rolled
satisfactorily on the rigid rolling mill. After the first
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nco 713c sheet to be rolled had been evaluated and found
to be promising, additional melts of Inco 713c were made.
7hese additional Ineo 713c castings were found to be sub-
stantially more difficult to roll than the original melts
of Inco 713c.

A series of melts was made varying slightly the chemical
composition of Inco 713c in an effort to obtain cast
sheets havin the rollability of the first Inco 713c cast-
inp made. (Refer to Table 5). The chemical composition
was varied by adding trace elements, by increasing the
content of the strengthening elements within specification
limits, and by adding small percentages of tungsten.
Melt Nos. 547, 548 and 549 represented modifications of
Inco 713c by the addition of trace amounts of boron, zir-
conium, and cerium. None of these modified alloys showed
any improvement in rolling characteristics. Melt Nos. 550
and 551 were made increasing the tantalum, aluminum and
molybdenum contents to near the maximum allowable under the
Inco 713c specification. Melt Nos. 552 and 553 were made
with small tungsten additions plus increasing the tantalum
and molybdenum contents to near maximum Inco 713c specifi-
cation limits. Melt No. 550 rolled very well and the ten-
sile properties of the rolled and heat treated sheet were
approximately the same as those of the first Inco 713c
sheet rolled. The castings from Melt Nos. 551 and 553
rolled as well as Melt 550. The castings from Melt No.
552 rolled well but showed a somewhat greater tendency
toward edge cracking than Melt 550.

The most serious problem in rolling Inco 713c has been
the tendency on the part of some Inco 713c castings to
crack at the grain boundaries during the later stages of
hot rolling (see Figure 31). Increasing the content of
the strengthening elements (Ta, Mo, and Al) apparently
strengthens the grain boundaries to the point where they
cease to fail during rolling. This also has the effect
of increasing 1900°F tensile strength. The reason for
adding small percentages of tungsten to the last two
melts was that the first good melts of Inco 713c were
made in the same crucible immediately after a high tungsten
melt and are thought to have contained small percentages of
tungsten as a result. Although these melts were not speci-
fically analyzed for tungsten the analysis did report
"significant quantities" of tungsten present.
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Melt NO. 529. NASA alloy, Less 1% zr, Melt NO. 530. NASA alloy, Loes 1% Zr,
Plus 3% Niach Metal +.03% FeB + 1% W. Plus .3% bfisch + .03% FeB.

Melt No. 531. NASA alloy, +-89% Fe + Melt No. 532. NASA alloy, +.030% FeB
+ .030% FeB. + 3% Ce + .88% Fe.

4U'~

Melt No. 533 NARalloy.. Less % zr Melt No.- 53J4. NASA alloy, +. 09%c +
q..09%04..03 FeB+88% Fe4..3% MIsch+g1% W. .03 FeB + .88% Fe +.3% Ieflch.

Figu~re 30. Mobdified NASA Alloy As Cast (Melit 529, 530, 531, 532, 533, 53'4).
Etch No. 4+. 500x.
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4. Effects of Melting Conditions on Alloy Composition

a. Tantaium Melt Losses

Table 6 lists 16 melts containing high percentages of
tantalum and giving both charge analyses and chemical
analyses showing the tantalum loss incurred for each
alloy. All of these melts were made in magnesia
crucibles. Although up to 26.52 percent of tantalum
was added to these melts, the maximum tantalum re-
tained in the castings was 11.06 percent. As a result
of these tests, it would appear that no more than about
11% tantalum can be held in a nickel alloy melt made in
a magnesia crucible. Any tantalum added beyond this
equilibrium percentage apparently reacts with the
magnesia in the crucible and is either vaporized as the
oxide or forms a slag.

b. Magnesium Pickup

Table 7 lists four melts which had the magnesium con-
tent of the resultant castings determined by chemical
analysis. All four melts were made in magnesia
crucibles. Since magnesium metal has a boiling point
below the melting temperatures of the nickel alloys,
any magnesium metal found in the casting represents
in effect a dissolved gas in the metal at the time of
pouring. This residual magnesium content varied from
50 to 100 parts per million in the melts analyzed. It
is interesting to note that the melts that are high in
magnesium are also high in nitrogen content. Both
magnesium and nitrogen contents would therefore appear
to be dependent on the same factor; namely, the effi-
ciency with which the gaseous constituents are removed
from the metal by bubbling argon gas through the melt.
The contents of both gases appear to be independent of
alloy composition. The magnesium content observed does
not appear to have any large adverse effect on the
properties of the metal. Later melts made in zirconia
crucibles ,,ould be expected to pick up some zirconium
from the crucible. Since these alloys normally are
specified to contain some zirconium, this would not
be expected to have a detrimental effect. It would
be preferable to have a crucible which did not react
with the melt, since crucible-metal reactions would
not appear to be the ideal way to make alloy additions.

c. Boron Pickup

Table 8 shows that the boron content in four melts of
nickel base alloy made in magnesia crucible varies
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from 14 ppm to 82 ppm. This boron might conceivably
have come from one of the items of melting stock as an
impurity. Some of this boron in the modified Inco
713c alloy almost certainly came as one of the alloy-
ing constituents of the Inco 713c base material melted.
On the other hand, the magnesia crucibles contain from
1500 to 2000 ppm of boron (see Table 9). Some of the
boron content probably came from a metal-crucible re-
action. Again it would appear desirable to make what-
ever boron additions are desirable by a means other than
crucible-metal reactions.

d. Nitrogen Content

Table 10 shows that the nitrogen content of four nickel
alloy melts made in a magnesia crucible and bubbled with
argon gas ranges from 37 ppm to 82 ppm. The nitrogen
content appears to be independent of alloy composition
and in particular independent of chromium content. It
would appear to be a function of the effectiveness of
the argon bubbling performed in the given melt. The
effect of small amounts of nitrogen in the alloy would
be expected to be analogous to that of carbon; notably,
to decrease ductility and raise strength. In view of
the small amount present in these melts, the nitrogen
content does not appear likely to be harmful. If larger
amounts of nitrogen were present, it might cause gas
porosity in the castings. This was not a problem in
castings made in this program. Specifically, the argon
bubbling procedure used throughout this program was
originally developed for the express purpose of elimi-
nating gas porosity in castings and it has been success-
ful in doing this.

B. Alloy Sheet Improvement by Rolling

1. Initial Rolling Trials at Metals and Controls

The original plan of operation for this contract called
for all melting and casting operations to be performed at
Chance Vought and for all rolling operations to be per-
formed at Metals and Controls. The initial rolling trials
were performed at Metals and Controls.

Most of the work at Metals and Controls was devoted to
efforts to cold roll Inco 713c, NASA alloy, and Ta-C
modified Inco 713c. Initial cold rolling trials showed
that all three nickel alloys cracked severely after from
5-20% reduction. This cracking occurred at the edge and
also as a multitude of small cracks distributed over the
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entire surface of the sheet (see Figure 32). Tables 11,
12 and 13 show the work hardening of these three alloys
by cold rolling. Figures 33, 34, and 35 show the same
work hardening data in chart form. Inco 713c work
hardens from Rc 42 to Rc 52 with about 20% reduction;
Ta-C modified Inco 713c work hardens from Rc 39 to Rc 51
in about 30% reduction, while the NASA alloy work hardens
from Rc 43 to Rc 57 with about 35% reduction. After 20%
reduction, the respective increases in hardness are 10 Rc
points for Inco 713c, 11 points for Ta-C modified Inco 713c,
and 12 points for NASA alloy.

Figures 36, 37, and 38 show comparisons of the micro-
structures of as cast, as rolled, and rolled and heat
treated Inco 713c, Ta-C modified Inco 713c (Melt No. 388),
and NASA alloy. It will be noted that the Inco 713c is the
only one of the three alloys which changes microstructure
to an appreciable extent as a result of cold working and
annealing. Inco 713c recrystallizes in five minutes at
2150°F after cold working. Neither of the other alloys
shows any recrystallization after even 70 to 100 minutes
of heat treatment at the same temperature.

Subsequent efforts to roll NASA alloy sheet by repeated
cold rolling with heat treatment of the metal between cold
rolling trials were all unsuccessful in reducing the NASA
alloy sheet below about 70 mils. In all cases, crowning
of the sheet during rolling became a serious problem.
Furthermore, the as cast sheet has some variations in
thickness. After successive rolling passes these variations
in thickness remained, even though the over-all thickness
of the sheet has been reduced as much as 20%. Since crown-
ing added greater thickness variations, the as rolled sheet
had substantially greater variations in thickness than did
the as cast sheet. In some cases, these thickness variations
in as rolled sheet were as high as 40 mils on a 70 rmil sheet.
Metal rolled on the mill with 20 inch diameter rolls showed
a greater tendency to crown than the metal rolled on the
7 inch diameter rolls. Crowning in both cases was excessive
and resulted in the rapid destruction of the entire sheet by
the propagation of edge cracks across the whole width of the
sheet (see Figure 32).

NASA had reported somewhat higher ductility in the NASA alloy
at liquid nitrogen temperatures (-3200F). Therefore an
effort was made at Metals and Controls to roll NASA alloy
chilled to liquid nitrogen temperature. This test resulted
in the severe cracking at about the same reduction as sheet
rolled at room temperature.
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NASA alloy cast sheet was encapsulated in 300 series
stainless steel and cold rolled at Metals and Controls.
This resulted in the complete breakup of the NASA alloy
sheet into small pieces (see Figure 39).

Another piece of NASA alloy sheet was encapsulated in
300 series stainless steel and rolled at 15000F. This
also resulted in the complete breakup of the NASA alloy
sheet.

The relative location of metal preheating furnaces and
rolling mills in the Metals and Controls plant was such
that the maximum practical rolling temperature possible
was 1500 0F. Hot rolling of the NASA alloy at 1500°F was
attempted at Metals and Controls, but this was unsuccess-
ful in reducing the sheet beyond the point obtainable by
cold rolling.

Because of the continued difficulties in rolling thin
sheet on the conventional rolling equipment available at
Metals and Controls, together with the limitation on the
maximum practical rolling temperature, further rolling
trials at Metals and Controls were suspended.

The detailed results of all of the rolling trials per-
formed at Metals and Controls are included in Appendix F
which is a summary of all the rolling trials made in this
program.

2. Hot Rolling of Sheet on the Rigid Mill

The results of all the rolling trials done on the rigid
mill are reported in Appendix F. The results of these
tests can be summarized as follows:

a. The optimum procedure for all nickel base alloys
rolled in this program requires a reduction per pass
in mill setting of 3 mils per pass. This reduction
per pass applies to both the two high and the four
high configurations of the rolling mill and to all
gauges of materials being rolled down to a minimum of
20 mils. Below 20 mil sheet thickness, smaller re-
ductions are taken.

b. The roll speed used for most tests was 97.5 surface
feet per minute.
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TABLE U1

WORK HARDB1II TE1T ON MW 388 Ta-C 10)D. 130 713C

Pas Thickness Hsdzness pass Thickness a as

No. (.OOi") (Re) No. (.0oo") (Re)

0 1O9: 39-1 T T94

1 10.o. ,43 !- 8 7542 5.4.

2 91 9 72

3 96++ j! 10 69!2

4 922 '49:8 11 65+15+

21 -1 -

6 834e 50o1 13 5:•.52+1

TABLE i1

WORK HARMEIK TE1T ON MW 404 INOD 713C

Pass Thickness Hardness
No. (.ooi") R

0 101+3  4240
-3 -0

1 9+243 +1

2 96+1 47 40

3 ~ -2 501

4 89+ 50o0

5 85Q 51.1

6 81+2 51+1
-0 -
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TABLE 13

WORK AEiING TEST CH Me1t No. 425 NASA ALLOY

Pass Thickness Hardness

No. (.0011) Re

0

1 100+2 4510
2 R

2 47 +1

5 9+-1 5011

6 93ý1_ 5lro

7 01 52!2

-11

11 80!1

12 7611 554-2

13 7!156!11

+1.
14 ~ 70!2-5

15 651 7-02

16 62:ý, 57+ 1 5

1711

18 5540 5742.5
-1 -1
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As Cost.

Cold RolJled 1)4%, Annealed 10 Minutes in Afr at 2150 F, Water Coenched.

Cold Rolled 1l+%, Annealed 100 Minutes In air at 2l50*F~
Water Quenched.

Figure 38. Effects of Cold Rolling and Annealing on the Microstructure
of NASA Alloy, Melt 4119. Etch No.- 3. 5=OX



* INCHES5
S *6

Figure 39.NASA Alloy Rolled in Stainless Steel
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c. Optimum rolling temperatures for each alloy rolled are

as follows:

Inco 713c 1950OF

NASA 19000F

Ta-C modified Inco
713c (Melt No. 388) 2000°F

No. 429 Alloy 21000F

d. The two high mill configurations (6" diameter working
rolls) should be used down to 40 mil sheet thickness.

e. The four high configurations (i 1/2" diameter working
rolls) should be used from 40 mil sheet thickness on
down to foil guges.

f. The as cast sheet should not vary in thickness more
than about 20 mils. The less the variation, the less
likely it is that cracks will appear in the sheet
during rolling.

g. Fine as cast grain size metal rolls better than coarse
grain metal.

h. Inco 713c rolls better and with much less tendency to
crack if the percentages of strengthening elements are
kept on the high side of the specification, or if small
percentages of tungsten are added.

i. Shrinkage porosity which does not open to the outside
will be sealed up during rolling, but shrinkage poros-
ity of any kind will contribute to cracking of the sheet
during rolling if other conditions are adverse.

J. Surface pits and defects will not initiate cracking or
failure during rolling but they may weaken the sheet
during testing.

k. Avoidance of crowning or curling of the sheet during
rolling is vital if serious cracking is to be avoided.

1. Prolonged solution heat treatment of the sheet either
before rolling or after a few rolling passes causes
rapid failure of the sheet by cracking in almost all
instances. The reaon for this is not directly ap-
parent.

17



m. Proper setting of the rolls prior to making the initial
pass in important. Parallelism of the roll axes of ro-
tation must be maintained within .001" to .003" at all
times.

Refer to Figures 40 through 42 for typical examples of sheet
rolled at Vought. Figure 43 shows the microstructure of hot
rolled Inco 713c, NASA alloy and No. 429 alloy, all reduced
90%. Inco 713c exhibits a fine grained, typically hot
rolled structure. NASA alloy has a heavily fibered struc-
ture typical of a cold rolled metal, even though it was
rolled at 18250F. The No. 429 alloy shows no evidence of
either recrystallization or of cold rolling in its structure,
even though it had been reduced in thickness 90%. Figure 44
shows the microstructure of Inco 713c foil cold rolled from
hot rolled sheet. Figure 45 shows the change in microstruc-
ture in NASA alloy with various reductions in thickness and
with rolling at several temperatures. NASA alloy shows no
appreciable change in microstructure in comparing as cast
with 20% reduction. Further reductions to 50% and 68% at
1750*F and 2000OF show typically cold rolled structures with
fibering becoming increasingly evident. Hot rolling at
22500F to 68% reduction still shows considerable evidence of
fibering, but it also shows some tendency toward relief and
recrystallization. If higher rolling temperatures could be
achieved, true hot rolling might occur, but this is prevented
by the fact that the solidus temperature is only a little
above 22500F. Figure 46 shows a comparison of the structures
of as cast No. 429 alloy with the same alloy in the hot rolled
condition. Some of the carbide precipitates appear to be
broken in the rolled structure but there is no evidence of
fibering or of true recrystallization. Figure 47 shows a
comparison of as cast and hot rolled Ta-C modified Inco 713c
(Melt No. 388) microstructures. The carbide precipitate is
apparently broken up into elongated groups of precipitates
by rolling. There is no evidence of recrystallization in the
rolled structure. Figures 48 and 49 show electron micrograph
studies of the structures of hot rolled No. 429 and NASA
alloys. The No. 429 alloy has a great deal more areas of
massive precipitate than the NASA alloy although both have
areas of massive precipitate. The structure in the No. 429
alloy is very difficult to resolve. It is clear from the
microstructures that both alloys employ precipitation hard-
ening as one of their strengthening mechanisms.

3. Analysis of Reasons for Failure of Rolling Trials on
Conventional Mills

Efforts were made to roll NASA alloy, Inco 713c, and Ta-C
modified Inco 713c on conventional rolling mills both at
Metals and Controls and elsewhere. None of these efforts
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Figure 40. Rolled Inco 713c Sheet (Fine Grain).

INCHE5

Figure 41. Rolled Inco 713C Sheet (Coarse Grain).
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713C, Melt 04, Reduced From NASA Alloy, Melt 462, After
As-Cast To.015", 90% Reduction Tensile Test At.050". Rolled To
At ,20000F, As Rolled. .015"(Total Reduction 90%) At

18250F, As Rolled

No. 429 Alloy, Melt 457, After
Tensile Test At .050", Reduced To
.015" (Total Reduction 90%) At
21000F,As Rolled.

Figure 43. Comparison of the Effects of 90% Reduction In Thickness By
Hot Rolling On Inco 713c; NASA, And No. 429 Alloys. Etch
No. 4. 500X.
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AS ROLE MOUNTING ROLLED
To .050" MATERIAL FOIL

ROLL 234i DOUBLE PACK

ROLLED -005" THICK

2 l)

ROLLED I SHEET
FOIL MOUNTING AS ROLLED

MATERIAL TO .050"

ROLL 235 TRIPLE PACK
ROLLED .0035" THICK

Figure 4~4. Inco 713c, Melt 550, as Rolled at Room Temperature, Etch
No. 4~. 5OOX. (Note 200 gm Micro-Hardness Identations.)
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NASA Alloy, Melt 1462, NASA Alloy, Melt 1462,
Rolled 20% At 1500*F Rolled 50% At 1750*F
As Rolled. As Rolled.

NASA Alloy, Melt 1462, NASA Alloy, Melt 1462,
Rolled 68% At 2oOO0F Hot Rolled At 2250"F
As Rolled. 68% As Rolled.

Figure 45. NASA Alloy, Hot Rolled To Various Reductions In Thickness
At Several Temp~eratures. Etch No. If. 500X.
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succeeded in rolling these alloys into sheet having any sub-
stantial, uniform reduction in thickness from the as cast
sheet. On the other hand, procedures were developed on the
rigid rolling mill which permitted the hot rolling of 15 to
30 mil sheet from NASA alloy, Inco 713c, Ta-C modified Inco
713c, and No. 429 alloy. Experimental trials on the rigid
mill indicate that hot rolled Inco 713c sheet could be cold
rolled down to 3.5 mil foil in widths up to three inches.
This foil was cold rolled from 20 mil sheet previously hot
rolled on the rigid mill. Figure 50 shows four pieces of
Inco 713c foil rolled on this mill. Once hot rolling pro-
cedures had been developed at Vought, an effort was made to
use these procedures to hot roll NASA alloy sheet on a con-
ventional rolling mill having the same size working rolls.
Under these conditions, the conventional rolling mill pro-
duced a severely cracked sheet with 10 mil crown (see
Figure 51).

It is believed that the primary reason for the failure of
rolling trials on conventional mills is the presence of ex-
cessive crowning of the rolled material.

The ability of the rigid mill to roll alloy sheet which was
not rollable on the conventional rolling mills used in this
program is believed due to the unique design features of the
Vought mill which minimize sheet crowning. This mill is de-
signed to maintain a greater uniformity of gap between the
working rolls with variations in rolling load than is pos-
sible with conventional design. A more detailed discussion
of the design of this mill is given in Appendix B.

Crowning of the sheet during rolling is a direct result of
variations in the gap between the working rolls caused by
the separating force generated by the working of the metal
sheet passing between the rolls. Crowning is the direct
cause of sheet failure during rolling by the deep penetra-
tion of edge cracks. In rolling relatively brittle materials,
a slight degree of edge cracking always occurs. This is
caused by the fact that in the center of the sheet the total
effect of diminishing the thickness of the sheet goes into
elongating the sheet. At the very edge of the sheet, the
effect of diminishing the thickness of the sheet by rolling
goes partly into the elongation of the sheet and partly
into displacement of the metal along the axis of the roll,
thus widening the sheet somewhat. Since this is true, the
sheet at its very edge does not elongate as much as the
same sheet a little way in from the edges. Unless the
metal has substantial tensile ductility, this soon results
in small edge cracks appearing to relieve the tensile stress
caused by this greater elongation of the main portion of the
sheet. (See Figure 52). In the absence of crowning, these
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edge cracks will normally penetrate about an eighth of an
inch and then stop. If crowning is taking place, first one
side of the sheet will be placed under abnormally high
tensile stress by the elongation of the other side of the
sheet during rolling; and then the process will be re-
versed as the cocking of the rolls reverses itself. As a
result of these abnormally high tensile stresses, the edge
cracks will rapidly penetrate to the center of the sheet,
thus destroying the sheet (see Figure 53).

C. Alloy Sheet Improvement by Heat Treatment

1. Inco 713c

a. Recrystallization

Rolled Inco 713c sheet having as little as 20% reduc-
tion recrystallizes completely at 2150OF in five minutes.
Figure 36, page 44, shows such a recrystallized struc-
ture. Figure 43, page 51, shows the microstructure of
Inco 713c reduced 90% by rolling at 20000F. This
structure is also completely recrystallized. It is,
therefore, evident that rolled Inco 713c sheet will
rapidly recrystallize at 20000 F although a specific
minimum time cannot be stated on the basis of avail-
able data.

b. Solution Heat Treatment

The object of solution heat treatment is not to re-
crystallize the alloy, although this may be an inci-
dental result of the heat treatment. The object of
solution heat treatment is to dissolve the carbide
and other precipitates in the matrix alloy and re-
distribute these precipitate constituents by diffu-
sion while they are in solution. After this redistri-
bution has taken place, the alloy is cooled rapidly to
retain in solution the precipitate forming constituents
as an undercooled non-equilibrium structure. In this
case, subsequent heating to intermediate temperatures
will produce "aging" reactions where the precipitate
will be formed under controlled conditions. If the
solution heat treated alloy is permitted to cool more
slowly, the precipitate forming constituents will
precipitate out during cooling in less controlled
manner. In general, it would be considered more de-
sirable metallurgically to rapidly quench the solution
heat treated metal and then form the precipitated
phases through controlled "aging" heat treatment.
In practice, very rapid quenching of metal structures
will result in greater warpage of the structure than
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slower cooling and may result in cracking of the metal
due to thermal shock. As a result, the most useful
cooling rate from solution heat treatment temperature
is usually a compromise between the most desirable
metallurgically and that most desirable for minimizing
warpage and cracking. In this program, water quenching
of NASA alloy from solution heat treatment temperature
was found to frequently cause cracking of the alloy.
Therefore, most of the quenching of NASA alloy in this
program was done by air cooling. Air cooling was also
used for the other alloys investigated throughout most
of the program in order to preclude cracking problems,
and in order to maintain a uniform procedure for all
alloys.

Both macro and micro segregation of substantial degree
occur of necessity in cast alloys of complex composi-
tion. These reasons are explained in detail in Appen-
dix A. The only method possible for reducing segrega-
tion in a cast alloy is the use of prolonged solution
heat treatments. The length of time at solution temp-
erature required for an effective heat treatment de-
pends on the diffusion rates of the elements involved
and on the distance which the atoms in question must
move by diffusion to achieve the desired end. In the
instance of interstitial alloying elements, such as
carbon, nitrogen and hydrogen, diffusion rates are
quite high and relatively short solution heat treat-
ment times are required to homogenize even badly
segregated alloys. Where the segregated alloy consti-
tuents are substitutional elements of large atomic size,
such as tungsten, tantalum, molybdenum, etc., diffusion
rates are very low at the highest temperatures possible
without melting the alloy. Hence, these alloys require
long solution heat treatment times in order to homoge-
nize the alloy. In normal alloys the grain boundaries
form a continuous phase and the grains themselves a
discontinuous phase. Therefore, the strength of the
alloy structure as a whole is largely affected by the
strength of the grain boundary metal composition. In
a normal alloy casting, the grain boundary metal in-
variably has a lower melting point than the center of
the grain. In castings of complex alloys, the grain
boundary metal may have a melting point appreciably
lower than that indicated by an equilibrium diagram for
the alloy as a whole. It is therefore particularly
important to minimize such grain boundary segregation
in complex alloys designed for use near their melting
points. This applies especially to the nickel base
superalloys investigated in this program.
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Figure 51. NASA Alloy Rolled At 1850*F.
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Figure 52. Diagram Shoving Strain Distribution in Sheet Being Rolled
on a Rigid Mi1l with Resultant Edge Cracks.

TOP VIMW UIVD

FL9ST PASS MON 1"M

ROLLS TIMJ

Figure 53. Diagram Showing Resultant Strain and Crack Distribution During
Two Successive Passes on Conventional Nl.
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Solution beat treatments of up to 24 hours at 2150°F
indicate substantial improvement of both the room
temperature and elevated temperature strength of cast
Inco 713c. Table 14 shows a comparison of both room
temperature and elevated temperature strength for as-
cast and heat treated Inco 713c. Figure 54 shows the
homogenization of a dendritic, as cast, Inco 713c
microstructure obtained by a 3 hour solution heat
treatment at 2150°F. Figure 55 shows the progressive
change in grain boundary conditions resulting from in-
creasing times of solution heat treatment for cast
Inco 713c. The precipitate in the grain boundaries
was determined to be TiC by preferentially dissolving
the matrix metal chemically and determining the crystal
parameters of the precipitate by X-ray diffraction.
It will be noted in Figure 55 that a 3 hour heat treat-
ment has reduced the amount of precipitate at the grain
boundary, but a 21 hour treatment has not only cleared
the grain boundary of precipitate but has also changed
the character of the grain boundary. The longer heat
treatment corresponds to improved strength at both room
and elevated temperature. Figure 56 shows TiC precipi-
tate at the grain boundary of Inco 713c which has been
fractured by a microhardness indenter. This indicates
the brittleness of this precipitate at room temperature.

Figure 57 shows the microstructure of Inco 713c cast
into a one-inch thick section and heat treated for 3
hours at 2150 0F. The specimens of Inco 713c previously
shown had been cast into sections one-half inch thick
or less. It will be noted in Figure 57 that the degree
of grain boundary segregation, even after 3 hours solu-
tion heat treatment, is still substantial when compared
with the as cast structure of a thinner casting. It is
apparent from this, that the heavier the section cast
the more difficult it is to remedy grain boundary
segregation by solution heat treatment.

Figure 58 shows electron micrograph studies of the
effects of solution heat treatment at 2150°F on the
TiC precipitate in the grain boundaries of cast
Inco 713c. Figure 59 shows the effects of varying
times of solution heat treatment of Inco 713c on its
macroetching characteristics. The macroetched as cast
Inco 713c shows a ridge of TiC precipitate remaining
unattacked along the grain boundary with the depleted
zone on each side of this ridge preferentially
attacked by the etchant. This shows a marked ten-
dency for preferential attack along the grain boundary
by chemical etchants in the as cast condition. It is
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reasonable to deduce from this that there would also
be preferential attack in an analogous manner by
oxidation at elevated temperature. The Inco 713c
solution heat treated for 3 hours at 2150°F shows
preferential attack along the grain boundaries, but
it no longer shows a retained ridge of TiC at the
grain boundaries. This evidence, coupled with the
microstructures previously discussed, clearly in-
dicates that the TiC precipitate has been largely
redistributed out of the grain boundaries by the
3 hour solution heat treatment.

Carbon is an interstitial element having a high dif-
fusion rate and titanium is a substitutional alloying
element having a relatively small atomic diameter and
hence would be expected to have a relatively high
diffusion rate. It is therefore reasonable to believe
that the TiC has diffused out of the grain boundaries,
but that macrosegregation of other substitutional
elements at the grain boundaries still exists in sig-
nificant amount after 3 hours heat treatment. This
would explain the continued preferential grain boundary
attack after three hours heat treatment and the absence
of the TiC ridge. After 21 hours solution heat treat-
ment the preferential attack of the macroetching solu-
tion on the grain boundaries has completely disappeared.
This would indicate that for this particular sample of
cast Inco 713c, a solution heat treatment time of 21
hours at 2150°F is adequate to essentially homogenize
the structure. It should be pointed out that this
solution heat treatment might not be adequate for cast
Inco 713c having coarser grain size or a greater amount
of macrosegregation. These tests do indicate that a
prolonged solution heat treatment time is required to
homogenize complex nickel base alloys. These tests
also provide some indication that solution heat treat-
ment might minimize the tendency for preferential grain
boundary attack by oxidation at elevated temperatures.

Table 15 shows the effects of long time solution heat
treatments on the room temperature and elevated tempera-
ture tensile properties of rolled Inco 713c sheet. The
most marked improvement in properties obtained by ex-
tending solution heat treatment time beyond 24 hours is
in room temperature ductility. Solution heat treatment
for at least 24 hours appears to be necessary to attain
the best combination of elevated temperature tensile
strength and room temperature ductility.
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c. Agng Hseat Treatments

The solution heat treated Inco 713c rolled sheet
essentially met the target properties of the program
so relatively little work was done on investigting
aging heat treatments for this alloy. Only two aging
temperatures were used; 1600OF and 19000F. The ef-
fects of these aging heat treatments on solution heat
treated rolled Inco 713c sheet are given in Table 16.
One-half hour aging at 190007 has had no appreciable
effect on tensile properties at 19000F. Aging heat
treatments at 1600OF tend to improve elevated tempera-
ture ductility, but they send to lower room temperature
ductility. Aging at 1600 F does not appear to appre-
ciably affect tensile strength. The aging heat treat-
ments used in this program on Inco 713c do not appear
to have had any appreciable effect on tensile properties
other than to provide some improvement in elevated
temperature ductility.

2. NAS,-. TaZB Alloy

a. Recrystallization

The NASA alloy is much more difficult to recrystallize
than Inco 713c. Rapid recrystallization of the NASA
alloy does not take place until a temperature of 2200OF
is reached. Furthermore, even at this temperature re-
crystallization has been observed only on sheet which
has received reductions in thickness by rolling of ap-
proximately 50%. Figure 38 on page 45 shows that heat
treatment at 21500F does not recrystallize NASA alloy
cold rolled 14%. Figure 45 on page 53 shows that NASA
alloy hot rolled at 22500F has not recrystallized.
Figure 60 shows that NASA alloy rolled to 45% reduction
and then solution heat treated for 1/2 hour at 2200°F
has undergone some recrystallization, although re-
crystallization does not appear complete. Figure 61
shows a comparison of the microstructure of as cast,
as rolled, and recrystallized NASA alloy as shown by
electron micrograph studies. The rolled and re-
crystallized NASA alloy had been hot rolled at 16500F
to 60% reduction and heat treated at 2200°F for 1/2
hour. Recrystallization appears complete, but the
basic structure of the rolled and recrystallized alloy
is substantially different from that of the as cast
alloy. Since the 1900OF strength of the as cast alloy
is appreciably greater than that of the best rolled and
heat treated NASA alloy, it would appear that the as
cast structure is to be preferred for high temperature
strength.
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As Cast Solution Heat Treated at
2150*F for 3 Hours and Air Cooled.

Figure 54. Humogenization of As-Cast Dendritic Structure in Inco 713c
by Heat Treatment at 2150"F. Etch No. 1. IOOX.

As Cast, Melt 56. Reat No. 56, Solution Heat No. 104, Solution
Heat Treated At 2150*F Heat Treated At 2150"F
For 3 Hours, Air Cooled. For 21 Hours, Air Cooled.

Figure 55. Effect Of Solution Heat Treatment Of Cast Inco 713c. Etch No. 2. 500X

Figure 56. TiC Precipitate in Grain Figure 57. Inco 713c Section Cut
Boundary of As-Cast Inco 713c. fro One-Inch Thick
Note: Micro-Hardness Indentor Specimen Heat Treated
Shattered the Precipitate, at 2 150*F for 3
Indicating its Brittle Nature. Hours. Etch No. 1.
Etch No. 1. 1,00OX. 10OX.
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As Cast

Solution Heat Treatment at 215OF
for 3 Hours, Air Cooled.

Figure 58. Effect of Solution Heat Treatment on Grain Boundary in
Cast Inco 713c, Melt 67. Etch No. 2. 4,OOOX.
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As Cast. 6x.

3 Hours At 2150*F, Air Cool. 6X.

21 Hours At 21500F, 3 Hours At 2150*F, As Cast. liX.
Air Cool. iX. Air Cool. 4X.-

Figure 59. Comparison Of Macro-Etching Characteristics Of As-Cast And Heat-Treated Inco 713c,
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NASA Alloy, Melt 462, Reduced NASA Alloy, Melt 462, Reduced 5
45% at 1650"F as Rolled. at 165o0F, then Heat Treated 1/2

Hour at 2200F, Air Cooled.

NASA Alloy, Melt 462, Reduced 60%
at 1750F, then Heat Treated 63
Hours at 1500F, Air Cooled.

NASA Alloy, Melt 418, Reduced 50% Same as Photo at Left, with
at 18250F, then Heat Treated 1/2 Additional Heat Treatment of
Hour at 2200*F, Air Cooled. 24 Hours at 1600F.

Figure 60. Effects of Heat Treatment on the Microstructure of Hot Rolled
NASA Alloy. Etch No. 4. 500X.
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As Rolled At 1650*F
As Cast As Rolled + 1/2 HR At 2200*F

At 1650o". Air Cooled.

3,OOOX.

25,OOOX.

50,OOOX.

Figure 61. Comparison Of Microstructure Of NASA Alloy In The As-
Cast, As-Rolled, And As-Rolled + Heat-Treated Condition.
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In summation, rolled NASA alloy will recrystallize
completely in 1/2 hour at 2200=F provided it has had
60% reduction in thickness by rolling before heat
treatment. With 45% reduction in thickness, re-
crystallization is partial after 1/2 hour at 22000F.
Lesser reductions or lesser heat treatment temperatures
do not result in appreciable recrystallization.

b. Solution Heat Treatment

Prolonged solution heat treatments do not materially
affect the microstructure of NASA alloy as seen in the
optical microscope. (See Figure 62). Figure 63 shows
the effects on the as cast NASA alloy structure of
2000°F and 22000F solution heat treatments as shown in
electron micrograph studies. These solution heat treat-
ments apparently cause the massive precipitate to break-
up into finer form, and the higher the heat treatment
the more complete the breakup. Table 17 gives a com-
parison of both room temperature and 1900-F tensile
strengths of NASA alloy in the as-cast condition and
after two different solution heat treatments. It will
be noted that solution heat treatment increases room
temperature tensile strength somewhat, but otherwise
has no significant effect on the mechanical properties
tested. A comparison of Figure 64 with Figure 65 shows
that the variation in microstructure of NASA alloy
caused by solution heat treatment is relatively small
compared with the variation in microstructure of the
same alloy from one part of a given casting to another
part of the same casting. These differences in as cast
structure are apparently due to differences in cooling
rate of one part of the casting relative to other parts
of the same castings.

Table 18 shows the effects of various solution heat
treatment times on the mechanical properties of NASA
alloy. The most noticeable improvement in properties
resulting from prolonged solution heat treatments is a
small increase in room temperature ductility. Tensile
strength at 19000F appears to decrease somewhat with
longer solution heat treatment times, although this
may be due to oxidation attack on the surface of the
metal caused by impurities in the atmosphere used in
heat treatment. At best, there is no significant
inmprovement in 1900°F tensile strength as a result of
long time solution heat treatment. Since the solidus
point of the NASA alloy has been determined to be about
23000F, and since temperatures appreciably below 22000F
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will not recrystallize the rolled structure, it would
appear unlikely that any practical solution heat
treatment can be devised to substantially improve the
properties of the NASA alloy.

c. Aging Heat Treatment

Table 19 shows the effects of various aging heat treat-
ments on solution heat treated, rolled NASA alloy.
Aging heat treatments after solution heat treatment do
substantially improve the mechanical properties of the
NASA alloy. The aging treatment giving the best room
temperature properties is 24 hours at 1750°F. This
heat treatment gives somewhat lower room temperature
tensile strength than some others, but most important
it is the only heat treatment found to give usable room
temperature ductility to rolled NASA alloy sheet. This
heat treatment gives 4% to 5% elongation at room temp-
erature, which is probably a practical minimum allowable
figure if the alloy is to find practical use in rolled
sheet form. The best 1900°F tensile properties were ob-
tained with an aging heat treatment of 24 hours at 16000F.
It is likely that an intermediate aging temperature might
result in an optimum balance of properties.

Figure 66 shows the results of an electron microscope
study of rolled NASA alloy which was aged at 1500°F for
63 hours. This study shows that aging at this tempera-
ture without prior solution heat treatment does not
materially change the structure from that existing in
the as rolled condition.

3. No. 429 Alloy

Only a very limited amount of work has been done on the
rolling and heat treatment of No. 429 alloy. The micro-
structure of No. 429 alloy is complex and difficult to
adequately resolve due to the greatly varying rate of
attack of standard etching solutions on the various micro-
constituents. No. 429 alloy has been hot rolled at 2100°F
and at 22000PF. None of the alloy rolled has received sub-
sequent heat treatment. There is more variation to be ob-
served in the microstructure of a single casting of the
alloy than there is variation between the microstructures
of the alloy in the as cast and the hot rolled conditions.
Only one tensile test was run on sheet rolled from this
alloy, therefore no conclusions can be drawn as to the
strength of No. 429 in the as rolled condition. (Text
continued on Page 80.)
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3,OOOX.

25,OOOX.

50,OOOX.

Figure 66. Electron Micrographs Of NASA Alloy Hot Rolled 60%, Then
Aged At 1500F, For 63 Hours. Etch No. 1
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4~. Ta-C Modified Inco 713c (Melt No. 388)

Figure 37 shows that heat treating rolled Ta-C modified
Inco 713c at 2000OF does. not result in recrystallization
of the alloy. This alloy therefore has a higher re-
crystallization temperature than Inco 713c. Work on this
alloy was stopped relatively early in the program to pro-
vide more time for work on Inco 713c and NASA alloy, since
the latter two alloys had better 1900°F tensile strength
in the as cast condition. Hence, the recrystallization
temperature of this alloy is Aot known, and the effects of
any such recrystallization heat treatment are not known.

D. Rolled Alloy Sheet Evaluation

1. Tensile Properties

a. Inco 713c Rolled Sheet

Rolled and heat treated Inco 713c sheet has a tensile
strength of approximately 50,000 psi at 19O0°F and
approximately 170,000 psi at room temperature. The
ductility of this alloy ranges from 12% to 20% elonga-
tion at room temperature depending on heat treatment
and from 6% to 10% at 1900°F depending on heat treat-
ment. Figure 67 shows a plot of tensile strength and
elongation versus test temperature for the range from
room temperature to 23000F. Table 21 gives a summary
of the tensile strengths of rolled and heat treated
Inco 713c in various conditions.

The rate of straining of the test specimen has a sub-
stantial effect on the tensile strength reported for
nickel base alloys in the temperature range approxi-
mating 19000F. Standard elevated temperature tensile
test procedures generally call for a strain rate of
0.005 inches per inch per minute during the elastic
portion of the test and from 0.05 to 0.1 inches per
minute of head travel thereafter. The tests run at
elevated temperature throughout most of this program
were run at these or somewhat lower strain rates.
Since only ultimate tensile strength and elongation
were required, an extensometer was not used in making
these tests. Therefore, direct control of strain rate
was not possible. As is explained in Appendix C,
strain rate was indirectly controlled by controlling
load rate. The load rate used in this program re-
sults in a rate of straining less than standard rather
than greater than standard. In order to determine the
actual effect of straining rate during testing on the
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reported tensile strength of Inco 713c, tests were run
on comparable Into 713c test bars at three substan-
tially different rates of loading. Table 22 summarized
the results of these tests and Figure 68 shows a plot
of reported tensile strength versus calculated average
strain rate. It has been determined by experiment that
the total head travel of the machine during a test is
approximately twice the actual strain in the gauge
length of a standard I" gauge length test bar used in
this program. Figure 69 gives a plot of reported ten-
sile strength versus time spent under load in the given
test. It will be seen from these tables and charts
that the true standard tensile strength of Inco 713c
at 1900*F would be slightly higher than the results of
the tensile test run in this program would indicate.
This discrepancy is small and is not thought to be sig-
nificant. It will be noted that large variations in
strain rate will produce a variation of almost 300%
in the reported value for the tensile strength of this
alloy at 1900PF.

Table 23 shows the effect of strain rate on NASA alloy
tensile strength at 1900"F. The data in Tables 22 and
23 therefore show that strain rate during testing
substantially affects the reported tensile strength for
both Inco 713c and NASA alloy.

b. NASA TaZ8 Alloy Rolled Sheet

NASA TaZ8 alloy sheet which has been rolled, solution
heat treated at 2200*F and then aged at 1600oF has a 19000 F
tensile strength of about 50,000 psi with an elonga-
tion of about 4%. The same alloy sheet will have a
room temperature strength of about 170,000 psi and
4% to 5% elongation if it is aged at 1750°F instead of
16000F. The tensile data on which these conclusions
are based is given in Table 19 on page 75. No ten-
sile data was obtained on rolled sheet for any temp-
erature other than room temperature and 1900eF.

c. Other Alloys

A few isolated tensile tests were run on sheet rolled
from Ta-C modified Inco 713c (Melt No. 388) but these
tests are inadequate in number and in quality to use
as the basis for any conclusions. No tensile tests
were run on azr other of the alloys rolled.
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Range of Tensile Properties
if run as per AST"
standard., ARTC-13-Tl

70.000

UTS (psi)

50,000

Q0 Q01 06I ID I .

CA•l •ATED AVERAE STRAIN RATE (Inches/Inch/Minute)

Figure 68. Calculated Average Strain Rate versus Ultimate Tensile
Strength of Inco 713c Sheet at 1900*F. Condition, Rolled
+HT 4O Hours at 2150OF + 24 Hours at 1600*F.

70,000 0 1 1

Range of Tensile Properties
if run as per ASTMN
Standard, ARTC-13-Tl

60,000

UTS (psi)
50,000

40,000

I.) 10 100 1000

TDIE OF TEST (SEcoNDS)
Figure 69. Total Time of Tensile Test versus Ultimate Tensile Strength

of Inco 713c Sheet at 1900*F. (Conditions are the Same
as Figure 68. )
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2. Oxidation Resistance

a. Rate of Oxidation Attack

Oxidation tests in still air were run on NASA alloy,
Inco 713c and No. 429 alloy in both as cast and rolle4
form. Oxidation tests were simultaneously run on Rene
41 sheet for comparison purposes. Table 24 and
Figures 70 through 74 show the results of these oxida-
tion tests. Briefly summarized, the tests show that
Inco 713c alloy has about the same oxidation resistance
at temperatures of up to 2100OF as Rene' 41. NASA alloy
has much poorer oxidation resistance than Inco 713c or
Rene 41 and the No. 429 alloy is intermediate in oxida-
tion resistance between NASA and Inco 713c alloys.
Furthermore, the oxide scale formed on the NASA alloy
has a marked tendency to explosively spall off of the
metal surface upon cooling to room temperature, while
the oxide scales formed on the other alloys are rela-
tively adherent.

b. Identification of Oxidation Products

Samples were taken from the oxide scales formed on all
of the alloys tested and these samples were analyzed by
X-ray diffraction techniques. Table 25 gives the re-
sults of these analyses. It will be noted that the
major constituent of the scale formed on the NASA alloy
is NiO and the major constituent of the scale formed on
the other two alloys is Cr203 . This would indicate
that chromium oxide is far more protective than nickel
oxide. Since the Inco 713c has much better oxidation
resistance than tne No. 429 alloy, and since both oxide
scales are primarily chromium oxide, it is obvious that
other factors are also of importance in determining
oxidation resistance.

3. Determination of Solidus Temperature

Nickel base superalloys have solidus temperatures much
lower than their liquidus temperatures, and this wide mushy
zone makes it difficult to determine solidus and liquidus
temperatures by thermal analysis. In this program, an
effort was made to determine the solidus temperature and to
obtain an indication of the liquidus temperature by heating
specimens of the alloy to temperatures within the tempera-
ture range expected to include solidus and liquidus tempera-
tures and then water quenching these specimens. This was
done with two alloys, NASA (Melt 387) and Ta-C (Melt 390)
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TAII 25

NO3. 429, 0SA ALLO AND 7130 X.I-U D WRlD C DATA RUN O SCALID ITT I

(Run on Both Powder Camera an Diffractometer)

Alloy and Condition Indicated Presence and Method

Nio C r2 03  -A203

No. 429 3 hra. at 21001F Neither Diffractometer Diffrantcmeter
indicates, indicates
major presence
constituent

NASA 3 hrs. at 2100F Major constituent Powder camera Neither method
diffractometer & indicates indicates
powder camera possibilities presence

of presence.

NASA 64 hra. at 1900•? Major constituent Powder camera Neither method
diffractometer & indicates indicates
powder camera possibilities presence

of presence

713c 3 hrs. at 2100OF Powder camera Major
indicates constituent
possibility of powder
.presence camera only

713c 64 hrs. at 19000F Powder camera Major Powder camera
indicates constituent indicates
presence powder camera possibility

only of presence
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Figure 74. Oxidation Tests Run On As-Cast Inco 713., RASA Alloy and
No. 129.
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modified Inco 713c. Figures 75 and 76 show the Sffects of
heating these alloys to temperatures in the 2250 F and
25000F range on the micro-structure of the alloys. It
would appear from this data that the NASA alloy has a
solidus temperature of between 2250°F and 23000? and that
the Ta-C modified Inco 713c has a solidus temperature of
about 2250°F. Figure 77 shows photographs of the speci-
ments heat treated in air in the 2250°F to 25000F tempera-
ture range for these same two alloys. (It will be noted
that the NASA alloy has a far greater tendency to scale at
these temperatures than the Ta-C modified Inco 713c). It
would also appear that the liquidus temperature of the Ta-C
modified Inco 713c (Melt 390) approximates 2450°F and that
the liquidus temperature of the NASA alloy is in excess of
25000F.

4. Phase Identification

Both No. 429 and NASA alloy have large amounts of precipi-
tated phase in their microstructure. Samples of both
alloys were digested in chemical solutions designed to
preferentially dissolve the matrix metal leaving the pre-
cipitate phase as an undissolved residue. Efforts to
determine the chemical composition of the precipitate by
X-ray diffraction means failed because the observed data
did not match any of the compounds listed in the standard
catalog. However, the specific gravity of the base alloys
and of their precipitated phases were determined together
with the percentages of precipitated phase. This data is
summarized in Table 26.

5. Preliminary Fabricability Evaluation

a. Investigation of Methods of Machining Test Bars

Initial efforts to machine tensile test bars from these
nickel base alloys using high speed tool steel cutters
were totally unsuccessful due to extremely rapid tool
breakdown. Carbide cutters were successful in
machining some of the nickel alloys, but resulted in a
high proportion of ruined specimens in some other ex-
perimental alloys notably alloy No. 429. In all cases,
tool wear was quite rapid and both tool and specimen
vibration were serious problems. As a result of these
difficulties, several other methods of tensile test
specimen preparation were investigated.

A number of trials were made of electric spark dis-
charge machining of alloy No. 429 using two different
machines and a variety of settings on both machines.
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1/2 Hour at 22500F, Melt 387,
Water Quench.

1/2 Hour at 2300'F, Melt 387, 1/2 Hour at 24O0F, Melt 387,
Water Quench. Water Quench.

1/2 Hour at 045-06F, Melt 387, 1/2 Hour at 2.5000F, Melt 387,
Water Quench. Water Quench.

Figure 75. Effects of Heat-Treatment Temperatures Near the Solidus
Temperature on the Microstructure of NASA Alloy. Etch
No. .. lOOX.
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TADZZ'2

SOMPIO GWAVITt OrU N0. 429 AM NASA ALLO

Alloy and Condition Specific Gravity Remnrke

No. 429 as cast 8.817

Na. 129 precipitatbd phasea 7.284 45% by vt.
12.11% by valuse

No. 129 dissolved portionb 9.97 65% by vt.
57.6% by volue

NASA alloy an cast 8.397

NASA alloy rolled 8.1&72

NAYA alloy precipitated phasea .o041 2:.9% by wt.
8% by volus

RAW alloy dissolved portioub 10.12 86.1%. b wt.
71.2% by valum

a The residue collected on 2 micron filter after
dissolving as cast specimens in concentrated
BC1+ ferric chloride solution

b By calculation
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A variety of cutting electrode compositions were tried
including the following:

1. Brass
2. 434o Steel
3. Graphite
4. Silver-tungsten carbide alloy

All of these electrodes eroded rapidly during the test
without substantially cutting the No. 429 alloy. This
investigtion failed to develop any practically useful
methods of electric spark discharge machining of this
alloy.

A number of test specimens were successfully produced
by the following grinding proceduress

1. Saw blanks out withi a reinforced alundum
cutoff wheel (Norton No. TBNK24) under a
flood of coolant.

2. Rough grind to test bar contour by hand on
a silicon carbide grit bench grinder wheel.

3. Belt grind to approximate final contour using
a silicon carbide grit belt.

4. Finish grind to size on a surface grinder
using a silicon carbide grinding wheel.

5. Drill required holes with a carbide tipped
drill.

The most rapid procedure developed to date for cutting
tensile test bars from these nickel base alloys is as
follows:

1. Saw blanks with a silicon carbide cutoff wheel
under a flood of coolant.

2. Using a belt grinder of special design con-
structed for the purpose at Vought, Figure 78,
cut the contour of the test bar in a single
operation using wet or dry, 40 grit, silicon
carbide, abrasive belts under a flood of cool-
ant.

3. Drill required holes with a carbide tipped
drill using a rigid drill fixture to position
the drill.
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V. CONCLUSIONS AND RECC*NMU TIOtS

A. Conclusions

The work done under this contract has resulted in the following
developments:

1. It has been demonstrated that thin cast slabs of nickel
base superalloys can be directly hot rolled into sheet with-
out the need for intermediate forging or extrusion operat-
ions. This greatly simplifies the procedure for obtaining
sheet of a new cast alloy.

2. Inco 713c rolled and heat treated sheet has a 1900OF ulti-
mate tensile strength of about 50,000 psi at strain rates
less than ASI! standards, with good room temperature strength
and ductility, and good oxidation resistance. This re-
presents about a 200°F increase in useful temperature over
the best previously available superalloy sheet, Rene' 41.
The rate of strain during tensile tests has a substantial
effect on the tensile strength reported, especially 19000F.
The strain rate in the elastic range used in most of the
tensile tests in this program was calculated to be less
than .005 in/in/minute as established by AST4 standard pro-
cedure. (Note: See Appendix C, Pg.123). Higher strain
rates were observed to give higher strengths.

3. NASA TaZ8 rolled and heat treated sheet has a 1900°F tensile
strength of about 50,000 psi with poorer ductility and oxi-
dation resistance than the Inco 713c sheet. On the other
hand, NASA TaZ8 alloy has a higher recrystallization tem-
perature and hence might have higher stress rupture strength
at temperatures of 1900OF and above.

4. Nickel base alloys can be strengthened by precipitation hard-
ening using complex refractory metal carbides as the pre-
cipitating constituent rather than nickel aluminide.

5. The use of a rigid rolling mill, which does not depend on
hold down screws for positioning of the movable roll, makes
it possible to roll metals and alloys having lower ductility
at rolling temperature than is possible with rolling mills
of conventional design. Indications are that this mill is
capable of rolling high temperature alloys down to foil thick-
ness.

6. Long time solution heat treatments gave the best improvement
in the ductility and tensile strength of Inco 713c of all
the heat treatents tried. The strength and ductility of
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of ASA alloy is affected sore by aging heat treamnts
than solution heat treatment.

7. A limiting factor in this progr,, with respect to further
mprovements in alloy compositions, was the crucible materials

employed. Specifically, when high percentages of tantalum
were added to melts, reaction between the molten metal and
the crucible occurred.

8. Thin cast slabs of Into 713 can be directly rolled into
25 nil sheets up to 10 x 16 inches in size.

B. Recomendations

1. It is recsmended that the basic techniques of casting thin
slabs Into sheet be applied to the new NASA nickel base al-
loys and to the refractory metals. It is believed that this
technique will pemit a great reduction in the tim required
to get a new alloy from discovery to cmmercial use.

2. The tensile properties of Znco 713c sheet obtained in this
progra indicate that its strength at 1900eF offers the
potential of a substantial advancement over presently avail-
able nickel base alloy sheet and fbil.
It is recmended that investigations be initiated to obtain
additional mechanical, and physical property data needed
for further evaluation purposes. These investigations should
include tensile and stress rupture strength, notch sensitivity,
tensile strength as a function of strain rate, compressive
strength, and limited fabricability evaluations.

3. The complex refractory metal carbide preciptitation harden-
ing system used in alloy No. 429 should be further inves-
tigated as a possible means of producing superalloy sheet
which would have usable strength at temperatures up to 2400F
combined with good oxidation resistance.

4. Improved melting furnace equipment is urgently needed.to
eliminate crucible-metal reactions. One possible approach
is the use of water cooled metal crucibles for melting the
alloy prior to casting.
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APPDIX A

MKLTIN AND CASTIN TCNIQUES AND RQUIPMNT

A. Melting Techniques

All melting of nickel alloy done in this program was done in
the Vought designed Plasma-Resistance furnace. The particular
furnace used in this program is shown in Fig. 79 and has a melt-
ing capacity of about 25 pounds of nickel base alloy. This
furnace operates at all times under an argon atmosphere which
can be at atmospheric pressure or at reduced pressures down to
30 microns. All melting operations done under this contract
were performed under an atmospheric pressure of argon, although
the argon pressure in the furnace was reduced to the 30 to 1000
micron level for the casting operation. In addition to melting
under an argon atmosphere, argon gas is bubbled through the
melt from the time melting commences until pouring operations
start. The purpose of this is twofold; one, to mix the alloy-
ing constituents in the melt; and two, to remove gaseous im-
purities, such as oxygen, hydrogen, and nitrogen. (See Table
10, page 37).

The heat source for preheating the furnace prior to charging
of the metal is a low voltage, high amperage carbon arc. The
arc length under these conditions is approximately 1/2 inch
and in general the arc behaves normally in spite of the argon
atmosphere. After the furnace interior reaches a temperature
of 2800*F, the electrical characteristics of the argon gas
change. As a result of this change, the gap between the elec-
trodes is increased to about 8 inches without increasing voltage
or decreasing amperage. The consumption of the graphite elec-
trodes also essentially ceases. Under these conditions the
flow of current through the furnace can be interrupted and re-
started without change in the electrode position, and without
the use of high frequency or high voltage starting currents.
Experience with this furnace over a period of time has shown
that alloys melted under these conditions will not pick up any
carbon from the furnace atmosphere. In fact, carbon losses
are frequently encountered due to the removal of oxygen from
the melt, apparently as carbon monoxide.

During this program both magnesia and zirconia refractory cru-
cibles have been used in this furnace for melting nickel base
alloys. In both cases, there is evidence that there is some
reaction between the molten metal and the crucible. In the case
of the zirconia crucible, this reaction results in an increase
in the zirconium content of the metal. Since zirconium is gen-
erally considered to be a desirable alloying element in nickel
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base alloys in small percentages, this reaction is not detrimental
unless excessive amounts of zirconium are added. In the case of
the magnesia crucible, magnesium metal and boron are picked up by
the metal as a result of the crucible reaction. Magnesium metal
has a high vapor pressure at the temperatures used in melting
nickel alloys, and for the most part is vaporized. The small
amount of residual magnesium left in the alloy (See Table 7) does
not appear to be seriously detrimental. The boron pickup in the
alloy is in the range generally considered to be desirable for
nickel base superalloys. (See Table 8). Therefore, for the par-
ticular nickel base alloys primarily concerned in this program,
both magnesia and zirconia crucibles appear satisfactory. (Tables
7 and 8 on pages 36 and 37).

The crucibles used in this program were all fabricated at Chance
Vought from purchased refractory grain. The refractory materials
used in this program are identified in Table 9, page 37. The cru-
cibles were fabricated by the following process:

a. Mix dry grain with water to form a damp sand.

b. Hard ram or press the damp refractory into a steel flask
around a wood form to form the crucible shape desired.

c. Place the rammed crucible on a flat silicon carbide plate
and remove both the wood form and the steel flask.

d. Dry the crucible on the silicon carbide plate for four
hours at 5000F.

e. Fire the dried crucible in an air atmosphere in a furnace
whose temperature is gradually raised from 500OF to 2500*F
over a period of 8 hours.

f. Furnace cool the crucible and install in the melting furnace.

Of these crucibles, those made from Magnorite X were the most gen-
erally satisfactory and had the longest service life. The zirconia
crucibles were relatively fragile and subject to damage from thermal
shock. As a result, their life in the furnace was quite limited.
The crucibles made from RM 1152 tended to soften at service tempera-
tures and underwent post-firing shrinkage. This caused early failure
of the crucible roof with resultant short crucible life.

In most of the alloys melted, crucible reactions were not serious
problems. However, in the few high tantalum nickel base alloys
melted crucible reactions were very serious and resulted in the re-
moval of much of the tantalum from the alloy and serious damage to
the crucible. (See Table 6, page 36). Melt Nos. 395 and 396 are not
shown in Table 6 because they resulted in the loss of both crucible and
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melt and hence no analysis of the melts was possible. Melt Nos. 3
an 396 had 40.56% tantalum and a total of 43.08% refractory metal
content. The trend in improving superalloys appears to be in the
direction of increasing refractory metal content. It is apparent
that any substantial increase in refractory metal content is going
to require the development of improved crucible materials or differ-
ent melting techniques. Water cooled metal crucibles may be an
answer to this problem, although conventional consuble arc melting
of ingots in water cooled copper crucibles does not appear to be a
satisfactory answer.
The general procedure used in making all melts in this program is

as follows:

a. Preheat the melting furnace to about 30000F.

b. Charge and melt the major constituent. In alloys being
made frau individual constituents, this would be nickel.
In alloys made by modifying an existing alloy, this would
be the starting alloy; for example, purchased Inco 713c
vacuum melted bar.

c. Charge and melt alloying constituents, adding the refrac-
tory metals first and the volatile elements last.

d. After all alloying additions are made, maintain the melt
at temperature and bubble with argon gas for 15 to 20
minutes to thoroughly mix the alloy and to remove gaseous
impurities.

e. The metal is then raised to pouring temperature and poured.

B. Casting Technique

All castings made in this program were made in the plasma-resistance
melting furnace using preheated ceramic molds press formed on a mold-
ing press. This molding and casting technique permits the casting
of relatively large, thin sheets of nickel base superalloys, as well
as a wide range of other alloys.

The ceramic molds used in this program were press formed on a mold-
ing press from both silica and zircon base refractory powders. No
evidence of metal-mold reaction has been found with either molding
composition, if pouring temperature is controlled in the 2700-2900°F
range. In practice these powders are mixed with ceramic and chemical
bonding agents in minor percentages, dampened to form a workable
material, and pressed into mold halves under a mold face pressure of
about 500 pounds per square inch. The pressed mold half is quite
weak at this point and must be cured prior to further handling. This
curing is normally done by baking the mold at fron 300 to 500°F for
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3 to 8 hours depending on size and the particular bonding materials
being used. This cured mold is quite hard and strong and can be
sewed, drilled, or otherwise machined as may prove advisable.
Through this program the gates and risers were machined into the
cured mold. Initially the cavity for the formation of the sheet
casting itself was formed into the mold at the time of pressing
by use of a pattern. Fig. 83 shows such a pressed and cured mold
half. Later in the program castings were made in molds where the
cavity for the sheet itself was also machined. The cured ceramic
molds are easily and rapidly machined using carbide tools or ab-
rasive wheels and belts. It was found that under some conditions
some slight warpage and distortion of the molds occurred during
curing. It was found that the highest degree of uniformity of thick-
ness in the cast sheet could be obtained by machining the sheet
cavity after curing of the mold. No further warpage of the mold
during the preheating and pouring operations has been observed.

The cured and machined mold halves are assembled into stacks suit-
able for pouring, and the outside surfaces of these mold stacks are
coated with a slurry of refractory grain, southern bentonite, and
water. The purpose of this costing is to prevent the mold helves
from shifting relative to each other during handling, preheat and
pouring. These mold stacks are placed in the preheat furnace and
preheated to from 1200°F to 1800OF on a pre-determined heating cycle.
This heating cycle is calculated to permit the uniform heating of
the mold stack without mold cracking due to thermal shock. (See
Fig. 84). The preheated mold stack is placed in the melting furnace,
which contains a charge of molten metal ready for pouring and clamped
in place. Fig. 80 shows the mold stack in this position. The
vacuum tight access door is closed on the furnace and the pressure
inside the furnace chamber reduced to from 30 to 1000 microns.
Fig. 81 shows the furnace in this condition. The entire furnace
chamber is then rapidly rotated 180 degrees, almost instantly pour-
ing the molten metal charge through a 3 inch diameter pouring neck
into the evacuated mold. Atmospheric pressure of argon gas is then
restored in the furnace chamber to accelerate mold cooling. This
combination of almost instantaneous pouring with the use of a hot
evacuated mold permits the filling of relatively large areas of
sheet down to 30 mil thicknesses. Fig. 82 shows the furnace in the
poured position. After pouring the furnace remains in the poured
position for about 15 minutes to be certain that the casting has
completely solidified. At the end of this time the furnace is re-
turned to its original position, the vacuum tight access door is
opened, and the poured mold stack is removed.

The poured mold stack is allowed to cool in air to room temperature.
It has been found that this minimizes warpage and distortion of the
cast sheet. After cooling to room temperature the ceramic mold is
broken away from the casting and the cast sheets are sawed off from
the gates and risers. These cast sheets are sand blasted, X-rayed,
Zyglo inspected, and are then ready for rolling. The "tree" of
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cast sheets after the ceramic mold is broken away and before the
sheets are sawed off is shovn in Fig. 85. Fig. 86 shows another
larger cast sheet wth the riser still attached. This sheet is
about 0.1 inch thick and approximately 8" x 16" in size. This
larger sheet represents the largest mold which can be made on the
existing molding press at Vought but is not believed to represent
any maximum size limitation of the process as a whole. The riser-
ing shown in Fig. 86 gives a higher degree of X-ray soundness in
the sheet as a whole than does the risering shown in Fig. 85. Fig.
86 represents a later risering procedure.

Efforts have been made to roll thicker cast slabs and slices from
ingots in this program. These efforts have been unsuccessful,
demonstrating the practical need for casting the starting sheet in
thicknesses approximating 0.1 inch.

This necessity of starting with thin cast sheets has a good techni-
cal explanation. Figure 87 shows a typical simple eutectic type
of phase diagram. The vertical dashed line represents a particular
alloy composition being cooled from the liquid state to room temp-
erature. As this alloy cools in the form of a sheet casting (Shown
in Fig. 88) the first crystallites of solid metal to form are com-
position A. The remaining liquid at this point has a composition
of A'. If cooling continued slowly enough for equilibrium condit-
ions to occur, the composition of the solidified metal would be
consecutively represented by B, and C plus C'. Under conditions
of rapid solidification, as it occurs in a casting, the first metal
to freeze has composition A. As cooling continues under these con-
ditions, the composition of subsequent layers of metal deposited
on the initial crystal of metal have compositions represented by
B and C and the points of the solidus curve intermediate between
these points. As this metal freezes out of the liquid under these
non-equilibrium conditions the composition of remaining liquid
shifts to the right of the equilibrium compositions represented by
B' and C'. The last metal to freeze will be in the grain boundar-
ies, and will have a composition represented by a point to the right
of C'. Figure 89 shows a simple solid solution phase diagram with
a dashed line representing a particular alloy composition cooling
from above the liquidus temperature to room temperature. The actual
effect on the metallurgical structures of the casting remains the
same as is shown in Figure 88. The significance of all this is
that any casting of an alloy composition will have substantial var-
iations in chemical composition within each grain, and that the
grain boundaries always represent the minimum melting point com-
position. The diagrams shown are for relatively simple phase dia-
grams. In the case of more complex phase diagrams, particularly
those involving peritectic reactions, the depression of the melting
point at the grain boundaries can be even greater. Diffusion is
extremely rapid in liquid metals and relatively speaking, very slow
in solid metals at any temperature. Therefore, the larger the grain
size of the casting the greater the degree of macrosegregation
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resulting from the mechanism of solidification. The larger the
section cast, the slower will solidification take place, and the
larger the grain size. With this larger grain size a larger zone
of low melting point constituent will be formed at the grain bound-
aries. In nickel base alloys at least, this lower melting point
grain boundary constituent appears to be substantially weaker at
elevated temperatures. Hence, when efforts are made to hot roll
these alloys cast in relatively thick sections, failure occurs
along the grain boundaries.

In any alloy casting there will be some degree of segregation. If
the casting is relatively fine grained and is a nickel alloy, this
cast alloy sheet can be hot rolled. Figure 90 shows the relative
structure of the cast alloy as shown in Figure 88 after it has
received a substantial amount of reduction in thickness by rolling.
The S spacing between the centers of segregation has been greatly
reduced from Figure 88 to Figure 90 by virtue of the rolling opera-
tion even without any effect of heat treatment. Figure 91 and 92
show these same alloys after heat treatment. It will be noted that
the physical form of the segregation has tended to change and to
be diminished. However, even after heat treatment the rolled
structure has a closer spacing, S, between points of segregation.
Also the rolled structure has the higher melting point constituents
lined up in the direction of rolling, while in the cast structure
the higher melting point constituents are lined up normal to the
sheet surface. As can be seen in Figure 93 alignment of segregation
in the cast structure favors early failure under tensile stress and
the path of crack formation is short. This tends to result in low
tensile strength and ductility, particularly at room temperature.
Figures 94 and 95 show a rolled structure under tensile load. The
strong segregated structure in this case is in the direction of
stress and the path of crack formation is relatively long. This
favors higher tensile strength and greater ductility. Furthermore,
in the heat treated rolled structure, since the S spacing is already
much smaller as a result of rolling, the time to effect equilibrium
conditions by diffusion is far shorter than it would be on an as
cast structure. Since the rate of diffusion for substitutional
elements is usually an exponential related to distance, this smaller
S value for the rolled alloy can result in an adequate heat treatment
time for a rolled alloy being serveral orders of magnitude less than
it is for a cast alloy. In both cases, there is no effective sub-
stitute for keeping original macrosegregation to a minimum by rapidly
freezing the metal in a fine grain size. In the case of complex
nickel base alloys, this would appear to be best done by casting thin
sheets.

The proper selection of mold preheat and metal pouring temperatures
are vital to the achievement of useful castings. In the case of the
NASA TaZ8 alloy, it was found that a mold preheat temperature of
1800F resulted in serious hot tearing of the sheet casting while
mold preheat temperatures of 1600"F and below resulted in cast sheets
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free of hot tearing. Excessively high or uncontrolled pouring
temperatures resulted in mold-metal reactions that damaged both
the surface finish and the properties of the cast sheet. In
general, the optimum conditions for casting sheet from nickel base
alloys has been found to be a mold preheat temperature of from
1200 to 16000F and a metal pouring temperature of about 2800 to
28500F.

Most castings made in this program were made in silica base molds
because of previous good experience in casting nickel base alhoys
in molds of this composition. Silica base molds have a greater
tendency to crack due to thermal shock during mold preheat than
zircon or alumina base molds. Therefore both alumina and zircon
base molds were used for a limited number of melts in this program.
As a part of this investigation a series of Inco 713c melts were
cast into zircon molds. All of these castings shoved substantial
gas porosity. This is thought to be due to occluded gas in the
mold caused in part by the very fine particle size of the available
zircon. The original castings had been made in silica molds and
when the use of silica molds was resumed with melt No. 544 the gas
porosity problem disappeared. Earlier zircon molds made with
coarser zircon flour had been successfully used to make NASA alloy
castings. This tends to corroborate the gas occulusion explanation
for the gas porosity in the Inco 713c castings made in fine zircon
flour molds.
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Figure 79. Melting and Casting
Furnace in Empty
Position. 1

1. Furnace .hell containing the crucible.
2. Vacuum tight door.
3. Chaber for containing the mold stack during poring.
4. Air clamps for clamping the moid in place during pouring
5. Vacuum hose connection to wacu-a pomp for evacuating the furnace chabt
6. Fiued support stand in which the furnace shell rotates during pourn.
7 Mchlned face of the f-urace against which the vactot- tight doru (2)

fito during the pouring operation.
8. Electrode holder electrically innulated from the main shell.
9. Troanione of the fumnace which rotate during the pouring opertiog.

il-n
Figure 80. Melting and Casting

Furnace with Mold in
Prepouring Position.

I. Hot mold stack clamped in
pouring position.

2. Air clamps clamping the
mold in position.

3. Vacuum tight door.

0 ,-

(D

Figure 81. Melting and Casting
Furnace Loaded andurnace Loa , Pu Figure 82. Melting and CastingReady to Pour. FFurnace in the Poured

i. Furnace shell contaIning the crucihle.
2. V•cu tight door loched in place sod furnace chamher evacuated. Pc3ition.
3. Portion of the furnace shell containcng the hot mold stack.
4. Vacuum bell seals over the electrode holders. 1. Portion of the fIuace shell containing the hot poured maid stack.
5. Old trap in the vacuum line. 2. Vacuum bell neals over the electrode holders.
6. icai vacuum Pump csed to rapidly evacuate the furnace chamber. 3. Argon inlet line into the fu chsmber.
7. 4elditrg transformer used to supply power for the melting furnace. 6. Vacuum hose connection to the furnace chamber.

5. Furnace shell containing the crucible.
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Figure 83. Pressed and Cured Ceramic Mold Half.
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Figure 84. Typical Mold Preheat Cycle.
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Figure 85. C le aned Casting with Cast Sheets Still Attached to the Riser.

Figur 86. NASA AlLoy Y .100" Thick Set(SHCasTadClne)
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APPENDIX B

THE RIGID ROLLING MILL

A. Statement of the Problem

Difficulties encowntered in rolling nickel alloy sheet on conven-
tional rolling mills caused Voughtto design and construct a rolling
mill of new and unique rigid design in support of this program.
Many of the problems encountered in rolling of nickel base alloys
on conventional mills appeared to be related to "crowning" of the
sheet during rolling and to an inability to adequately predetermine
and control the position of the movable roll during the rolling
operation. Crowning of the sheet occurred in the early stages of
rolling nickel alloy sheet on conventional mills. In subsequent
passes the thicker section in the center of the sheet tended to
elongate more rapidly than the outside thinner sections. This
put the outside sections under tensile stress and this in turn
caused serious edge cracking which soon penetrated to the center of
the sheet. This problem could be minimized by a process of repeat-
edly removing the thinner outside edge sections of the rolled sheet
by sawing them off. However, this rapidly becomes self-defeating
as the width of sheet available for rolling diminishes to the vanish-
ing point. The inability to control the position of the movable roll
contributes largely to the crowning problem and also makes it im-
possible to provide a uniform reduction per pass over the entire
sheet of material being rolled. As a result there are substantial
variations in the thickness of the rolled sheet even aside from the
crowning problem. These variations contribute to later cracking
problems. An analysis of the problem of rolling mill design shows
that "crowning" of rolled sheet can be caused by two different
conditions as follows:

1. Bending of the rolls caused by the separating force of
the metal sheet passing between the rolls. For 6" dia-
meter steel rolls, rolling nickel base superalloy sheet
12 inches wide, this crowning can be calculated to be
approximately 3 mils maximum. The experimental results
obtained on the rigid mill at Vought corroborate this quite
closely.

2. Random, uncontrolled motion or cocking of the movable
roll due to the inability of the hold down screw to
seat precisely the same way each time or due to unequal
deflection of the hold down screws. This feature of con-
ventional mills has been observed to cause crowning of
up to 20 mils in a 4 inch wide sheet.

The Vought mill was therefore designed to eliminate the hold down
screw method of construction with all of its resulting problems.
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B. Description of the Rigid Mill

The rigid mill can be used either as a two high mill with 6 inch
diameter working rolls and no back up rolls, or as a four high mill
with 1 1/2 inch diameter working rolls and 6 inch diameter back
up rolls. This rolling mill is driven by a 30 horsepower electric
motor operating through a chain drive. All four rolls in the four
high configuration are driven. Figs. 96 and 97 show the rigid rol-
ling mill and associated metal preheat furnace. The significant
characteristics of the construction of this rolling mill are sum-
marized below:

a. The mill can be used as either a 2 high or a 4 high mill.

b. In the 2 high configuration, the working rolls are 6"
in diameter with a 12" working length. The rolls are
hardened steel and the bearings are bronze sleeves having
4" ID.

c. In the 4 high w nfiguration, the working rolls are 1 1/2
inch diameter hardened steel with brass bushing
blocks for bearings. The back up rolls are the same 6
inch diameter rolls used as working rolls in the 2 high
configuration.

d. The mill is capable of withstanding a separating force
of approximately 900,000 pounds. The separating force
experienced is recorded by means of suitable instrumen-
tation connected to strain gauges attached to the columns
of the mill. The maximum separating force experienced to
date has been 167,000 pounds.

e. The column area is 29.6 inches. The rolling mill does
not have any hold down screws so this column area directly
reflects the true rigidity of the mill.

f. The maximum mill deflection at 900,000 pounds separating
force is approximately 40.5 mils if no preloading is
applied. The maximum mill deflection at the maximum
separating force incurred to date (167,0OO pounds) is
approximately 7.5 mils if no preloading is applied. The
maximum preloading force used to date has been 51,900
pounds. With this preload, a separating force of 62,280
pounds experienced in rolling 3 il foil 3 inches wide
corresponds to a mill deflection of .05 mils. The working
rolls in the present rigid mill are 4340 steel hardened to
Rc 38. When rolling superalloy foil, these rolls plastically
deform, and this plastic deformation is the present limit-
ing factor in reducing foil gauge. Tool steel or carbide
work rolls would be expected to make possible the rolling
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of thinner gauge foil.

g. Roll speeds of 97.5, 139.3 and 166.0 surface feet per minute
are currently usable on the rigid mill. Other roll speeds can
be obtained by changing one of the main drive sprockets, if
desired.

i. The position of the movable roll is determined by placing
solid shims of predetermined thickness between the main
bearing blocks of the movable roll and the mill frame.

J. Preloading of the mill is accomplished by the use of
tapered wedge blocks driving the movable roll toward the
fixed roll.

C. Discussion of the Advantages of the Rigid Mill

This mill differs substantially from conventional rolling mills
in several important ways. Rolling mills consist of two rolls
or sets of rolls; one of which can be translated relative to the
axis of rotation of the other roll or set of rolls. Both sets
of rolls are rotated toward each other at the same speed. In a
conventional rolling mill the movable roll or set of rolls is
moved and then held in place by means of hold down screws connecting
the bearing blocks of the movable roll with the rolling mill frame.
In order for a screw to move it must have some clearance between
the male and female portions of the screw mechanism. Due to this
clearance, a screw will seat differently under load each time it
is loaded, particularly if the load is not truly axial at all times.
In a conventional rolling mill no load is normally applied to the
hold down screw until the metal enters the rolls. Depending on how
the metal enters the rolls, how uniform the entering metal is in
thickness, the degree of metallurgical uniformity throughout the
metal, and a number of other possible variables, the rolling load
of the mill will be transmitted to the hold down screws in varying
degrees of inequality and non-axiality. As a result, the true
position of the movable roll with respect to the fixed roll can
vary appreciably depending on how each of the two hold down screws
may happen to seat under the load as applied. Hence, the movable
roll may cock in one direction during one pass and in the opposite
direction during the next pass. (See Fig. 98)

The hold down screws normally have a relatively small cross sectional
area relative to the loads being applied and relative to the size
of the mill frame. Hence, these hold down screws will compress elas-
tically under load. Since this compression is elastic in nature,
it will be proportionate to the particular load being momentarily
applied to the particular hold down screw in question. Since the
hold down screws are of relatively light construction, the elastic
strain incurred will be a substantial portion of the total strain
incurred in the mill as a whole. Both the random seating of the
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hold down screw and its elastic deformation in compression serve
to apply maximum rolling loed to first one side of the sheet and
then in subsequent passes to the other side of the sheet. This
is the primary cause of "crowning."

Figure 98. Diagram Showing Crowning as a Figure 99. Diagram Shoving Crowning
Result of Two Successive Pass- Cwsmed by Bending of the
es on Conventional lull. Rolls.

A secondary, but very minor, cause of crowning is the actual deflec-
tion of the roll itself. (See Fig. 99) When the actual rolling
loads are determined experimentally by strain gauge measurements
and the true deflection of the roll by bending during rolling is
calculated, it is found that, for a 6 inch diameter working roll
with no back up and with a 32 inch working width, bending deflection
accounts for only a maximum crown of about 3 mils. This corresponds
to the actual crown measured on an 11 inch wide sheet of Inco 713c
rolled on the rigid mill. On a conventional mill 10 to 20 mils
of crown was observed on a 4 inch wide sheet.
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APPENDIX C

ELEVATED TFIVIPERATURE TENSILE TEST PROCEDURE

The test procedure used in tensile testing nickel base alloy sheet
at elevated temperature is described and discussed below:

A. A sheet tensile test specimen is gripped in the tensile
test machine and three 36 gauge chromel-alumel thermo-
couples are spot welded to the surface of the specimen,
one thermocouple being spot welded at each end of the
gauge section and one at the center of the specimen.
Each thermocouple consists of one chrcmel and one alumel
wire, each separately spot welded to the specimen in
close parallel position having the same longitudinal
position on the specimen. The purpose of this is to
assure the measurement of the specimen temperature and
not just the temperature of a projecting bead. The
thermocouples are connected to a Brown multipoint high
speed strip chart recorder. Heating conditions are
adjusted until all three thermocouples read the same
temperature. Once test conditions have been standardized
for a given set of specimens, further tests are conducted
using only the center thermocouple in accordance with
Standard Test Procedure ARTC-13-T-l, Rev. 6/i/5j. (6)

B. In gripping thin sheet metal specimens great care must
be taken to assure that the method of gripping does
not adversely affect the axiality of loading. When pin
type grips are used, the specimen should be finally
fastened in place while under a small tensile load with
the specimen at room temperature. Otherwise, it is
possible to cock the specimen in the grips during
tightening of the pin bolt, resulting in nonaxial load-
ing of the specimen.

C. Where only tensile strength and elongation are required,
elevated temperature tensile tests are run without the
use of an extensometer. Hence, it is impossible to
directly determine strain rates. Test machine head
travel rates are not an adequate indication of strain,
particularly during the early stages of the test. The
reason for this is that the gripping and linkage devices
used to attach the test specimen to the test machine
strain when the testing load is applied to the specimen,
and these may have a total strain substantially greater
than that of the gauge length of the specimen.
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In these tests, a constant loading rate of 16,000 pounds
per square inch of test specimen per minute vas used. Data
published by Haynes Stellite for Rene' 41 (8), a nickel base
superalloy, gives values of elastic modulus for this alloy of
16,2o0,ooo at i8ooP and 8,200,000 at 2000*F. It would appear
reasonable to assume an elastic modulus of about 12,000,000 at
1900F. A load rate of 16,000 psi on a nickel alloy having an
elastic modulus of 12,000,000 corresponds to a strain rate in
the elastic range of 0.0013 inches per inch per minute. The
standard strain rate specified for use with an extensometer is
.005 inches per inch per minute. Therefore, the strain rate in
the Vought tests would result in slightly lover reported strength
values than the standard test using an extensometer. The
Vought test results in a testing time of from 3 to 4 minutes.
The procedure described in ARTC-13-Tl results in a testing time
of from 1 1/2 to 2 minutes. ASTM testing procedure results in a
testing time of from 1.2 to 2.1 minutes. The Vought testing
procedure would, therefore, be expected to give slightly lower
test results than the standard procedures cited.

D. After the specimen is broken, total elongation is determined
over a one inch gauge length by a caliper measurement.
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